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ABSTRACT 
Functional electrical stimulation (FES) is a generic term that encompasses the use of 
electrical stimulation to evoke active muscle contractions for the purpose of restoring 
lost/impaired function in paralysed patients. The concept of correcting foot-drop in 
hemiplegic patients using electrical stimulation was first introduced by Liberson in 1961. 
Since then, advances in technology have facilitated hardware miniaturisation and 
implantation of the system, but as yet, with regards to routine clinical applications the 
basic design as introduced by Liberson has not been challenged. It was the aim of this 
project to investigate the possibilities in improving portable surface FES systems. Two 
main directions were approached: improving the ease with which existing foot-drop FES 
systems can be set-up, and investigating the possibilities in developing a portable closed- 
loop system. 
It was considered that the implementation of these required the employment of a versatile, 
portable stimulator. Since no suitable stimulator existed, a portable, programmable, 
microcontroller based, dual-channel stimulator, was developed. Subsequently, software 
was developed to enable on-line programming of the stimulus variables by a PC via a 
serial interface. User-friendly control panels (simulated using the LabVIEW software 
programming enviroment) displayed on the monitor of the PC, allow the operator to 
easily adjust the stimulus variables for the two channels according to the patient's needs. 
These 'optimum' sequences are stored in the stimulator, for subsequent home use by the 
patient. Using this system, it was succesfully demonstrated that the duration of the 
patients' visits in the clinic is minimised, while the efficiency of the FES orthosis is 
maximised. 
For the closed-loop system, work concentrated on the sensor development. A novel 
approach has been proposed: the use of ultrasonic pulse-echo based techniques to 
determine the foot clearance from the ground. The advantages and limitations of this 
approach are thoroughly discussed. Because of the present unavailability of ultrasonic 
transducers to comply with the formulated specification, the research was directed at first 
demonstrating that the theoretical implementation of such sensors is possible, and 
subsequently, using existing transducers, to implement a simple foot-clearance measuring 
system. The latter has been successfully developed, and the feasibility of detecting foot- 
drop through foot clearance measurements was demonstrated in limited trials conducted 
with a normal and a hemiplegic patient. Finally, a detailed description of a suitable 
control algorithm to be used in the closed loop system is presented. This is based on a 
combination of common control strategies obtained from literature, to produce an 
efficient, adaptive controller suitable for the present application. 
The need for further developments of the open-loop system to allow for such problems as 
speed adaptation are discussed. Specific suggestions for improving the reliability and 
robustness of the foot-clearance measuring device, and the implementation of the control 
algorithm are also provided. 
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CHAPTER 1 
INTRODUCTION 
1.1 INTRODUCTION 
The nervous system is a complex model of integration: Afferent (sensory) nerves bring 
sensory information in from the periphery; efferent (motor) nerves carry signals back out 
to effectors, such as muscles. A processing scheme distributed along the entire central 
nervous system links these together, with the ultimate outcome being a system capable of 
producing not only precise voluntary movements, but also subconscious postural 
adjustments that make these movements possible. Damage to any part of this highly 
integrated system (caused by stroke or spinal cord injury for example) can result in 
varying degrees of permanent paralysis and sensory impairment. This may lead to a 
restriction in the mobility of the individual, making independence in performing daily 
tasks difficult, if not impossible. Functional Electrical Stimulation (FES), a generic term 
that encompasses the use of electricity in eliciting active muscle contractions for the 
purpose of producing useful functional movements, is an orthotic modality that was 
introduced in the sixties and is directed at restoring lost or impaired function. However, 
the pursuit of clinically acceptable electronic substitutes for sensory and motor deficits 
has been slow, a consequence of the demanding requirements (such as aesthetic 
appearance, efficiency and safe operation) from this emerging technology. This project 
was aimed at investigating and subsequently contributing to the development of 
acceptable surface FES systems to assist correction of hemiplegic gait deficiencies. 
In this chapter an overview on the normal locomotive patterns, their control by the central 
and peripheral nervous systems, and the different types of paralysis resulting from nerve 
injury is first given. This is followed by a more detailed description of the characteristic 
impairments resulting from hemiplegia, and the conventional passive orthosis used to 
correct their effects on gait. The neuro physiological mechanisms involved in generating 
muscle contractions, and the concept of Functional Electrical Stimulation are then 
introduced. The latter is accompanied by an overview on its advantages over other passive 
orthosis, and the perplexing issues that have slowed its progress. Finally, a detailed 
description on the main contributions by workers in the field to overcome these problems 
is given, followed by an overview of the state of art and conclusions regarding the 
direction of the project. 
I 
1.2 NORMAL GAIT AND PARALYSIS 
Locomotor activity is utilised by many living species in order to displace the whole body 
towards a given point in space. Locomotion must simultaneously fulfil several 
requirements. First it must propel the body usually forwards. Secondly, it must maintain 
posture and equilibrium notwithstanding the changes in the support provided by the 
limbs, i. e. some kind of co-ordination between posture and locomotion is necessary. 
Finally, the orientation of the body displacement needs to be adjustable to external 
conditions [Massion, 1988]. For the sake of easier understanding, it is customary, though 
somewhat schematic, to divide the normal human gait (walking) pattern into three main 
phases; stance, swing and double stance, figure 1.1. 
rouble stance Double stance 
STANCE PHASE 11. 
Double stance 
STANCE 
PHASE -" " 
SWING PHASE 
Double stance 
STANCE 
PHASE 
Figure 1.1. Normal human gait pattern: The descriptions of the phases of gait correspond to the 
'solid-line' leg. This schematic is based on the gait description given by Massion, 1988. 
The stance phase begins when the supporting heel of the forward leg (shown in the solid 
line in figure 1.1) touches the ground and ends when the toes of the same foot push off 
during the late stance phase. The movement thrust to maintain the body's momentum, 
takes place the instance the centre of gravity passes over the ankle until the big toe leaves 
the ground. The swing phase begins with the push-off and lasts until the heel makes 
contact with the ground. For walking, the two phases are connected by an instant of time 
during which both lower extremities rest on the ground. This brief period of time is called 
the period of double support (double stance phase). 
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The initiation and co-ordination of these phases of gait are controlled by a complex model 
of integration of the nervous system. Messages within this are conveyed as electrical 
pulse signals. A simple model of the nervous system is portrayed in figure 1.2. 
PERIPHERAL 
AFFERENTS 
(eyes, ears, etc. ) BRAIN 
( Upper Motorneurons ) 
PERIPHERAL 
AFFERENTS ab 
(skin, joint, etc. ) 
SPINAL CORD II ý(GM 
PERIPHERAL dc 
AFFERENTS LM 
(muscle spindles, e f 
tendons. ) MUSCLE 
Figure 1.2. Integration of the Nervous system. LM = Lower Motorneuron, GM - Gamma 
Motorneuron, a= Descending efferent tract, b= Ascending afferent tract, c= direct efferent from brain, d= 
tendon afferents, e- Efferent peripheral nerve, f= Gamma efferent. This model has been derived from 
models proposed by other authors [Tortora and Grabowski, 1993; Vodovnik, 1971] 
Here, the nervous system is divided into two: the Central Nervous System (CNS) and the 
Peripheral Nervous System (PNS). The first can be viewed as an'intelligent controller' of 
bodily functions, while the second, as the link between peripheral effectors / sensors and 
this controller. The central nervous system is further divided into two blocks, namely 
brain and spinal cord. The command for normal motion originates in the brain, and is 
usually triggered by peripheral sensory stimuli such as sight, touch, smell etc. This' 
command is conveyed via descending tracts to the spinal cord, where it interacts with 
other afferent (sensory) signals from the periphery (e. g. skin, joints and muscles). The 
consequent output, passes to the lower motorneuron (which can be viewed as the 
generator of electric signals - discussed in more detail in section 1.4.1), which although 
in 
the diagram is presented as a separate entity, in reality, is a part of the neural pool found 
in the spinal cord. The lower motorneuron interacts with afferents conveying information 
such as the tension in the tendons, and a command, passed directly from the brain; these 
pathways serve as an emergency route to enable fast movements. Depending on these 
inputs, the motomeuron activates the corresponding muscle accordingly, via the 
3 
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peripheral efferent nerve. The muscle contraction as deduced from its length, is regulated 
through sensory feedback obtained from special receptors within the muscle, called 
muscle spindles. The sensitivity of the latter is adjusted by the brain and spinal cord 
through the gamma motorneuron. In addition the movement causes a new volley of 
afferent signals to be passed (via the peripheral afferent nerves) to the spinal cord, and 
subsequently to the brain (via the ascending afferent tract). The latter route, enables a 
'copy' of the performed movement to reach the brain. 
Damage to any part of this highly integrated system may result in neurological 
impairment which depending on the extent and location could lead to paralysis, i. e. loss of 
a degree of voluntary motor and/or sensory function. Paralysis may be crudely classified 
as monoplegia (paralysis of one extremity only), paraplegia, (paralysis of both lower 
extremities resulting from damage in the lower sections of the spinal cord), quadriplegia 
(paralysis of both lower and upper extremities resulting from damage in the higher 
sections of the spinal cord) and hemiplegia (paralysis of the upper extremity, trunk and 
lower extremity of one side of the body-further discussed in section 1.3). 
An additional problem which is characteristic of patients suffering from paralysis, is 
spasticity. Clinically, this is characterised by either exaggerated involuntary movements 
in response to external stimuli ('flexion' spasticity), or by a resistance to passive 
movement which builds up in intensity as a muscle is stretched ('tone' spasticity). This 
resistance to passive movement is sensitive to rate of displacement as well as position 
('phasic' spasticity), and will build up faster when the limb is stretched more rapidly 
[Stefanovska and Vodovnic, 1989]. Generally, the primary underlying mechanism for 
spasticity is the exaggeration of 'spinal stretch reflexes' (explained in section 1.4.1). 
1.3 HEMIPLEGIA AND PASSIVE MECHANICAL ORTHOSIS 
Hemiplegia commonly results from craniocerebral injury, cerebrovascular insults, tumour, 
inflammations or hemisection of spinal cord [Tortora and Grabowski, 1993]. Usually 
some muscle function in hemiplegic patients recovers spontaneously or with the aid of 
physical medicine. There are however disabilities which often remain over periods of 
years. These include reduced hand functions, and inability of the lower limb to dorsiflexl 
and evert' the foot of the damaged side during the swing phase of the gait cycle. The 
lower limb limitations result in a condition known as foot-drop. A rather clumsy gait, with 
hip-circumduction3 results, and the patient is in constant danger of spraining his ankle due 
to the inverted, foot, and is unable to walk for long periods [Vodovnik, 1971]. These. 
'Dorsiflexion is the bending of the foot in the direction of the dorsum (upper surface). 
'Eversion is the movement of the sole outward so that the soles face away from each other. 
'in circumduction the distal end of a part of the body moves in a cycle. 
4Inversion is the movement of the sole inwards so that the soles face each other. 
4 
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problems can be exacerbated by a loss of protective proprioceptivel and touch sensations 
which occurs in up to 65% of the patients [Tortora and Grabowski, 1993]. The type and 
degree of sensory loss varies, and is usually incomplete. An additional undesirable side- 
effect in hemiplegia is spasticity. In hemiplegics, phasic spasticity appears first, followed 
by tonic spasticity; the latter's intensity increases with the duration of disability and hence 
causes changes in muscle fibre biomechanical properties (flexion spasticity is more 
common in paraplegia than hemiplegia). The spasticity can be relieved by physiotherapy, 
cryotherapy, pharmacological therapy, chemical rhizotomy and surgical intervention 
[Mielke and Schimrigk, 1988]. However, relieve is not always complete, and some 
methods have undesirable side-effects or implications. 
The above have an adverse effect on the gait pattern of hemiplegics, often necessitating 
the employment of passive orthotic devices to assist their correction. The most common 
passive mechanical orthosis is the ankle foot orthosis (AFO); this is a mechanical brace 
that corrects foot-drop by restraining the ankle's range of motion. Also, canes are often 
used to assist balance during standing and walking [Milczarek et al., 1993]. In cases 
where paralysis is too severe, an alternative means of locomotion is sought, such as the 
wheelchair. However, although the wheelchair is both fast and efficient it can lead to 
serious physiological problems, e. g. formation of pressure sores, joint contractures, 
enhancement of osteoporosis2, negative effects on circulation and muscle atrophy3 [Jaeker 
et al., 1989]. 
An alternative orthotic modality for hemiplegic patients was introduced by Liberson in 
1961. Liberson used electrical stimulation to elicit muscle contractions of the foot 
dorsiflexors to correct foot-drop. The stimulation was synchronised with the swing phase 
of gait through a switch attached on the heel side of the shoe (figure 1.3). Therefore, 
whenever the heel was cleared from the ground, stimulation was evoking a withdrawal 
reflex4 causing dorsiflexion, and hence enabling the foot's clearance from the ground. 
Conversely, when the heel was in contact with the ground (i. e. during the stance phase), 
no stimulation was applied. 
1 Proprioception is the receipt of information from different parts of the body (e. g. muscles, tendons and 
the labyrinth) that enables the brain to determine movements and position of the body and its parts. 
2 Osteoporosis is a condition of porous bones. It is characterised by decreased bone mass due to bone 
resorption outpacing bone formation, and increased susceptibility to fractures. 
3 Muscle atrophy is a wasting away of muscles due to a progressive loss of myofibrils. 
' This is a polysynaptic reflex (see section 1.3.1) which responds to external stimuli (usually painful ones) 
by causing simultaneous hip, knee and ankle flexion. It is noticed, that in hemiplegia the hip and knee 
flexion's caused by the evocation of this reflex through electrical stimulation, are not as pronounced as 
ankle flexion 
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Figure 1.3 Foot-drop correction system as applied by Liberson. Dorsiflexion was achieved 
by stimulating the common peroneal nerve as it passes over the popliteal fossa (behind the knee). 
Stimulation was delivered through electrodes El and E2 while synchronisation was realised through the 
heel switch K [Liberson et at., 1961] 
The concept of correcting human disabilities by FES, has since captured the interest of 
many investigators. However, before discussing the advantages and possibilities in FES, a 
brief description on the neuro-physiological mechanisms underlying the electrically 
evocation of muscle contractions will be given. 
1.4 NEURO-PHYSIOLOGICAL PRINCIPLES OF MUSCLE 
CONTRACTION 
In this section the basic structure and functions of the neuro-muscular system are 
discussed, with special emphasis on its interaction with externally applied electrical 
stimulation. It is divided into four sections. The first one presents the basic structure and 
function of nerve fibres including a description of a simple spinal reflex. The second 
section addresses the arrangement of the nerve fibres within the peripheral nerves. The 
basic structure of the latter, and the 'transformation' of the nerve signals into muscle 
contractions, is described in the third section. Finally, the last section introduces the 
concept of artificially evoking muscle contractions using electrical stimulation, and 
subsequently discusses the basic properties of electrical stimulation. 
1.4.1 NERVE ACTIVATION AND REFLEXES 
The basic unit of the nervous system is the neurone. In its simplest form, it consists of 
several dendrites, a cell body (located in the central nervous system), and an axon 
terminating at the axon terminals (figure 1.4). 
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Figure 1.4 Neuronal structure: The basic structure of the neurone is shown; The axon is magnified, 
and its basic structure is illustrated in the dotted circle; the axoplasm, which is the intracellular plasma, is 
enclosed within the axon's membrane, which in turn is encircled by an intermittent myelin sheath. (Taken 
from Tortora and Grabowski, 1993) 
The cell body receives stimuli either from peripheral receptors or from other neurone 
axon terminals, through the dendrites, and if exceeding a certain threshold, activates its 
axon. The axon propagates this activation to the axon terminals, which will be used either 
as an input to other neurones, or to activate muscle fibres. The term 'activation' refers to 
the generation of Action Potentials (AP), and depends on two basic properties of 
neurone's plasma membranes. 
a. There is an electrical voltage generated by the relative ionic distribution of mainly Na" 
and K' ions inside and outside the nerve's membrane, called the resting membrane 
voltage (this voltage makes the inner space of the nerve negative with respect to the 
outside). This voltage is maintained dynamically by ionic pumps which control the inflow 
/ outflow of Na` / K; ions. 
b. Two voltage-gated channels found on the membrane can be closed or open depending 
on the voltage across the membrane (which in turn is controlled by ionic concentrations). 
These channels control the inflow and outflow of Na' and K' ions respectively (figure 
1.5). 
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Figure 1.5 Generation of Action Potential (AP): The filled 'spots' denote Sodium ions (Na' ) 
while the others denote Potassium ions (K' ). (A) Resting state: voltage gated Na' channels are in resting 
state and voltage gated K+ channels are closed (B) Depolarisation to threshold (about -55 mV) opens Na' 
channel activation gates. The inward flow of Na+ further depolarises the membrane until its polarity is 
reversed. (C) More slowly, the depolarisation also opens voltage gated K+ channels which permit outflow 
of K+ . At the same time the Na' channel inactivation gates close. Repolarisation 
begins. (D) Outflow of 
K+ restores the membrane potential. Not illustrated are the leakage channels and the Na+ / K+ pumps that 
maintain a low concentration of Na+ inside the cell. This figure exaggerates the relative number of Na+ 
that enter and K+ that exit during a single action potential. (Taken from Tortora and Grabowski, 1993) 
Once there is a change in membrane potential (caused by changes in ionic concentration 
across it), the first channel (Na' channel) opens, allowing a rapid inflow of Na" ions, 
which reverses the potential across the membrane. This is called depolarisation. The 
slower opening of the second channel (K' channel) and closing of the previously open 
Na' channel leads to repolarisation, the recovery of the resting membrane potential. 
Together, the depolarisation and repolarisation phases comprise an action potential, which 
lasts about 1 ms. The generation of an AP is presented schematically in figure 1.5. 
There is a period of time during which an excitable cell cannot generate another action 
potential. This is called absolute refractory period, and depending on the diameter of the 
axons it varies from 0.4 -4 ms. The relative refractory period 
defines the period of time 
during which a second action potential can be initiated, but only by a supra threshold 
stimulus. For the peripheral nerves this has a duration of 10 ms. 
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Once an AP is generated, it propagates along the axon (nerve). The speed of propagation 
depends on the diameter of the fibre (speed varies proportionally to diameter) and the 
presence or absence of a myelin sheath (its presence increases propagation speed). 
. SM 
NODES OF RANVIER 
Figure 1.6 Saltatory conduction of the nerve. The nerve impulse at the first node (shown as 1st 
activation) generates ionic currents in the axoplasm and extracellular fluid that open voltage gated Na' 
channels at the second node. At the second node, the ion flows trigger a nerve impulse (shown as 2nd 
activation). Then the nerve impulse from the second node generates an ionic current that opens voltage 
gated and Na+ channels at the third node (not shown in diagram), and so on. Each node repolarises after it 
depolarises. (Taken from Tortora and Grabowski, 1993) 
In humans, the latter condition is satisfied by almost all peripheral nerves (except those 
responsible for such things as pain, touch, pressure and temperature sensations). The 
myelin sheath, is an intermittent 'insulator' layer encircling the nerve, exposing 'naked' 
certain portions of it (called nodes of Ranvier) at regular distance intervals (figure 1.6). 
When an impulse propagates along a myelinated fibre, ionic current flows through the 
extracellular fluid surrounding the myelin sheath and through the axoplasm from one 
node to the next. Thus, the AP impulse appears to jump from node to node as each nodal 
area depolarises to threshold, and so conducts the impulse as it arises anew at each node. 
This type of impulse conduction is called saltatory conduction. 
At the axon terminal side, where the neurone synapses (i. e. makes functional contact) with 
other neurones or muscle fibres, the electrical action potentials are converted 
into 
chemical 'messengers', called neurotransmitters (figure 1.7). 
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Figure 1.7 Elements of a chemical synapse: Taken from Tortora and Grabowski, 1993. 
These are released into a gap which separates the transmitting (or presynaptic) neurone 
and receiving (postsynaptic) neurone / muscle, called the synaptic cleft. In the case of the 
receiving end being a neurone, the reception of these neurotransmitters might cause either 
the generation of a new AP (if the chemical signal is strong enough), the inhibition of an 
AP (if the chemical messages are inhibitory), or facilitate the generation of an AP by other 
neurotransmitters (if the chemical messages are facilitatory). In the case of the receiving 
end being a muscle fibre, the neurotransmitters might evoke a muscle contraction (if the 
chemical signal is strong enough). 
Neurones, using this electrochemical-based communication scheme, interact with each 
other in a complex manner to produce outputs which regulate muscle contractions. 
Several types of neurones are involved to enable this. However, for the sake of simplicity, 
only three types of neurones will be further discussed; motor, sensory and association 
neurones. The motor neurones, command the contraction of muscles, the sensory 
neurones convey information from receptors to the CNS, and the association neurones 
convey inhibitory or facilitatory signals which can either suppress or facilitate the 
generation of an action potential respectively. These neurones interact in a complex 
manner at the spinal cord and brain levels, to produce smooth, co-ordinated muscle 
contractions, in a way that is not yet fully understood. In order to illustrate the principles- 
underlying the neural integration, one spinal reflex will be further discussed. 
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Reflexes are fast, predictable, automatic responses to external stimuli, and operate at the 
spinal cord level. They can be categorised into monosynaptic (only one synapse between a 
motor and a sensory neurone) and polysynaptic (multiple synapses). A polysynaptic reflex 
arc, activating the agonist and inhibiting the antagonist, is illustrated in figure 1.8. 
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Figure 1.8 Polysynaptic reflex arc: (Taken from Tortora and Grabowski, 1993) 
Referring to this, when the muscle is stretched, the muscle spindle activates its dendrite, 
which in turn activates neuron a. The latter activates its axon, which conveys the message 
to the brain, and to motorneurons b (an inhibitory neurone) and c (the motorneuron of the 
agonist). Consequently, motorneuron c activates its axon, thereby initiating a contraction 
in the agonist in order to decrease the effect of stretching. Conversely, the motorneuron of 
the antagonist d, is inhibited from activating its axon, by motorneuron b. This effectively 
realises silence from the antagonist when the agonist is contracting. This reflex is called 
stretch reflex, and protects the muscle against excessive lengthening (e. g. tapping the 
patellar tendon (tendon joining the quadriceps with the knee), causes the contraction of 
the quadriceps, and hence extension of the knee ; this is called the 'knee jerk' reflex). 
1.4.2 SPATIAL DISTRIBUTION OF NERVE FIBRES WITHIN NERVES 
As previously mentioned, the principal divisions of the nervous system are the central 
nervous system (CNS) and the peripheral nervous system (PNS). The CNS consists of the 
brain and the spinal cord, and is connected to sensory receptors, muscles and glands in 
peripheral parts by the PNS. Peripheral nerves emerge from the spinal cord in bundles 
(spinal nerves), and sprout out on their way to the extremities to different 
11 
muscles/receptors. It is emphasised, that peripheral nerves are 'mixed nerves'; containing 
both efferent (motor) and afferent (sensory) fibres. 
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Figure 1.9 Spatial distribution of nerve fibres within a nerve: Cross section of a peripheral 
nerve; each nerve contains several fascicles, each of which contains several efferent / afferent nerve fibres 
of different dimensions, arranged in a random manner (Taken from Tortora and Grabowski, 1993). 
If therefore a cross-section of the nerve is taken at the point where electrical stimulation is 
often applied (i. e. just before the peripheral nerve innervates the muscle), then the spatial 
distribution of the nerve fibres within the nerve will be as illustrated in figure 1.9. The 
individual fibres are wrapped in a connective tissue called the endoneurium. Groups of 
fibres are arranged in bundles called fascicles, each of which is enclosed in a connective 
tissue called the perineurium. The outermost covering around the entire nerve is the 
epineurium, which encloses several fascicles. Afferent / efferent fibre nerves within a 
fascicle have a random spatial distribution, with their diameters occupying a wide 
spectrum (ranging from 2- 25 microns). 
1.4.3 MUSCLE AS AN ACTUATOR AND ITS ACTIVATION 
As previously mentioned, following the arrival of an action potential at the axon terminals 
of a nerve, the electrical activation is transmitted chemically through neurotransmitters to 
the muscle fibres innervated by the nerve; the muscle fibres, along with the nerve fibre 
innervating them constitute a motor unit. These in turn, contract simultaneously in 
synchronisation with the frequency of the action potentials. The control of the muscle's 
contraction is achieved by fine interplay of changes in the action potential's firing rate, 
and the progressive recruitment of motor units in their pool according to their size. 
Generally, the smallest motor unit is recruited first (of type I fibres - see next paragraphs), 
and as the demand of force increases, the firing rate gradually increases, accompanied by. 
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the recruitment of larger motor units. Once all the motor units are recruited, then the 
demand for extra force is satisfied by increasing the firing rate. It is emphasised, that the 
firing of individual motor units is asynchronous (i. e. motor units are activated in a 
sequential order), thus enabling tetanic ( fused) contractions at low frequencies. 
Based on their structural and functional characteristics, skeletal muscle fibres are 
classified into three types: 
a. Slow Oxidative (type I) fibres: These are also referred to as slow-twitch or fatigue 
resistance muscles. They are small diameter fibres, contracting at low velocities but 
having high endurance. 
b. Fast Glycolytic (type II B) fibres: These are also called fast-twitch or fatiguable fibres. 
They are large diameter fibres, contracting at high velocities but easily fatiguable. 
c. Fast Oxidative (type II A) fibres: In terms of functional performance, these lie in the 
middle of the above two categories. i. e. slower than type II B fibres, but faster than type I,. 
and they are more fatigue resistant than type II B, but less than type I fibres. 
1.4.4 INTRODUCTION TO FUNCTIONAL ELECTRICAL STIMULATION (FES) 
Functional Electrical Stimulation (FES) is the controlled application of electrical pulses 
over the nerve innervating the muscle (or over the muscle itself, in the case of denervated 
muscle), resulting in the generation of nerve action potentials, which elicit muscle 
contractions thereby effecting functional movements. The generation of these action 
potentials is caused by the passing of electrical current from the indifferent (anode) to the 
active electrode (cathode), figure 1.10. Looking first at the node near the indifferent 
electrode, it can be seen that the applied current is flowing into the node of Ranvier as 
well as out of it, because of the direction of current flow in the immediate vicinity. The 
membrane will be depolarised only by the current flowing across the membrane from the 
inside to the outside of the fibre, the component indicated by the 'bold' arrow. In addition, 
current flows down the interior of the fibre as shown. Near the active electrode, more 
current flows out across a node of Ranvier. Therefore, the depolarising current 
component, indicated by the 'bold' arrows, will be greater near the active electrode. This is 
where for a given stimulation signal more action potentials are likely to occur. 
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Figure 1.10 Generation of Action Potential using Electrical Stimulation. The regions 
of current outflow generate Action Potentials. For illustrative purposes the nerve fibre's 
dimensions have been exaggerated and other body tissue not shown. 
Once an Action Potential (AP) is generated, then it propagates in two directions; towards 
the muscle (orthodromic propagation), and towards the spinal cord (antidromic 
propagation). If an efferent fibre is excited, the orthodromic propagation will effect the 
innervated muscle's contraction, while the antidromic volley will be extinguished at the 
spinal cord. If an afferent fibre is excited, the orthodromic propagation will be 
extinguished at the receptors, while the antidromic volleys will be propagated to the 
spinal cord where they may result in muscle contractions or inhibition through reflex 
pathways (the withdrawal reflex is activated through antidromic volleys generated by 
stimulating the afferent fibres in the common peroneal nerve). 
No matter whether efferent or afferent stimulation is effected (this depends greatly on the 
positioning of the electrodes -especially the active one), the strength of muscle 
contractions is dictated by the stimulation parameters, amplitude, pulse width (PW) and 
frequency or its reciprocal Inter-Pulse-Interval (IPI), and pulse shape. The latter, most 
commonly conforms to either monophasic or biphasic rectangular shape, figure 1.11. The 
employment of rectangular shapes, is a compromise between the ease of generating them 
electronically, and recruitment efficiency [Vodovnik et al., 1967]. The biphasic shape 
eliminates the possibility of a net direct current component inducing migration of ions in 
the body fluids. This will ultimately cause changes in ionic concentrations, which in turn 
will result in deterioration of the electrode, but more importantly, can cause tissue 
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damage/changes. This is particularly important for implanted electrodes. In the case of 
monophasic pulses, the possibility is minimised by inductively coupling (e. g. through a 
transformer) the stimulator to the electrodes (so that equal amount of charge will flow in 
the opposite direction during pulses). 
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Figure 1.11 Monophasic (a) and biphasic (b) pulses. 
The IPI affects the temporal summation of force; the lower the IPI -and hence the higher 
the frequency- the stronger the fusion of individual twitches, resulting in a more fused and 
strong muscle contraction. The minimum value is restricted by the relative refractive 
period of the nerve to approximately 10 ms (100 Hz). The current amplitude and 
pulsewidth affect the spatial recruitment of the nerves, i. e. control the number of nerves 
recruited. The current amplitude required can be generated directly using constant current 
stimulators, or indirectly by constant voltage stimulators (the latter assumes a constant 
body impedance which is not strictly true, but nevertheless, for all practical applications is 
acceptable). The stimulus can be delivered to the nerve through surface (surface 
stimulation) or implanted (percutaneous or implanted stimulation) electrodes. It should be 
noted, that current amplitude and PW affect recruitment in a non-linear, almost inverse 
manner [Bauwens, 1941]. This is illustrated in the figure 1.12. It is a common practice 
(from energy considerations), to employ PWs in the order of 100 - 300 µs, and amplitudes 
ranging between 0-100 mA ( the intensity from individual to individual varies a lot; 
typical amplitudes for innervated stimulation to correct foot-drop are in the order of 20 - 
30 mA). At these values, the charge (Amplitude x duration of pulse) injected to the nerve 
is minimum; higher pulse widths at constant current result in no stronger contractions, 
while lower pulse widths require larger currents to effect stronger contractions. 
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Figure 1.12 The effect of pulse width and amplitude on recruitment level: A set of 
hypothetical curves are illustrated depicting typical intensity -duration curves. Recruitment level can be 
increased either by increasing the pulsewidth or the intensity. This relationship however is non-linear, and 
is subject to saturation (Taken from Bauwens, 1941) 
Two further factors determine the order of spatial recruitment: the nerve fibres' threshold 
(this is inversely related to fibre diameter; therefore the large fatiguable fibres which are 
innervated by large nerve fibres are recruited first), and the location of fibres within the 
bundle relative to the electrodes ( fibres closer to the active electrode are recruited first). 
This results in a non-physiological recruitment order, with a predominant number of 
fatiguable muscle fibres firing synchronously (i. e. all motor units activate together) in 
response to the frequency of stimulation, thereby causing the early onset of muscle 
fatigue. Also, the second factor makes location of the electrodes relative to the nerve 
critically important in achieving acceptable and repeatable muscle response to 
stimulation. 
1.5 FES AS AN ORTHOTIC MODALITY 
Over recent years, FES has found increasing clinical applications as an orthotic modality 
for assisting hemiplegic gait. Stanic et al. in 1991, has reported the application of FES to 
63% of a total of 2,500 hemiplegic patients admitted to the Ljubljana Rehabilitation 
Institude over a period of 10 years. At the Salisbury District Hospital, the use of FES has 
been investigated since 1984. Their work, as presented to the South and South West 
Regional Health Authority Development and Evaluation Comittee, prompted the 
recommendation of the use of one channel foot-drop stimulators on a daily basis in the 
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NHS. At the time of writing, over 200 patients from all over the United Kingdom are 
now using the one channel foot-droop stimulator. The orthotic use of FES, has also been 
extended to other plegic populations (e. g. paraplegics), and restoration of upper extremity 
functions (e. g. restoration of hand functions in hemiplegia). Its increasing acceptance can 
be attributed to its following advantages over mechanical orthoses: 
1. Electrically stimulated muscle has the ability to amplify the energy by a factor of 
2000-20000, thus providing much better energy efficiency than any other active 
mechanical actuator [Kralj, 1975]. Owing to these circumstances, FES systems are 
provided with an autonomy of energy which is acceptable to the patient. 
2. Technological development in the area of selective stimulation of nerves and muscles 
will enable the intensive and practical application of electrical stimulation for restoring 
the gait pattern of paralysed patients. This has already started being demonstrated by the 
development of twenty (or more) channel implantable stimulators [Davis et at., 1993; 
Mayr et al., 1995], and injectable microstimulators and microsensors [Strojnik et al., 
1995]. However, there are yet a lot of problems to be solved before these systems achieve 
clinical routine applications. 
3. FES orthoses offer the potential for improved cosmetic appearance. With the advances 
of technology, miniaturisation of electronics has facilitated the small-size packaging of 
stimulators, thereby enabling increased portability and cosmetic appearance [Burridge et 
al., 1995]. It is a common practice today in the application of simple foot-drop correction 
FES systems, for the stimulator to be inserted inside the pocket of the patient (or on a 
belt), the heel-switch to be fitted in the shoe, thus leaving only the wires and electrodes 
being externally visible (although most of the times these are hidden under the trousers). 
4. Although a direct comparison between the gait quality achieved with mechanical and 
FES orthoses is scarce in literature, documentation on the beneficial effects with FES, as 
compared to without, are abundant; significant improvements in gait quality as assessed 
by temporal variables (e. g. walking speed, symmetry of gait)[Strojnik et al., 1987; 
Bogataj et al., 1989; Kljajic et at., 1992; Bogataj et al., 1993; Rozman et at., 1993; 
Malezic et al., 1994; Burridge et at., 1995] and efficiency (e. g. energy expenditure during 
gait expressed by Oxygen intake, or the Physiological Cost Index') [Burridge et. al, 1995; 
Merletti et at., 1979] have been observed when using FES. 
5. Maintenance of joint's Range - Of -Motion (ROM). Maintenance of ROM by FES is 
based on the same concepts as in passive ROM, i. e. as long as joints move through their 
1 Physiological Cost Index (PCI) = (Heart Rate during walking - Heart Rate during rest)/ velocity 
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full range daily, there is minimal potential danger of range reduction. An outcome of this, 
is the prevention of joint contractures formation (caused by shortening, thickening and 
fibrosis of muscle fibres)[Stanic et al., 1991; Bajd et al., 1989]. In contrast, common. 
passive orthoses such as the AFO, restrain the range of the joint's motion thereby 
exposing the joint to the danger of contractures. 
6. Prevention of pressure sores; this can be achieved through the increased mobility using 
FES (or alternatively, using mechanical orthoses), or as demonstrated by Karba et al. in 
1993, by inducing minimal contractions to muscles adjacent to the pressure sores. The 
second method can only be implemented using electrical stimulation. 
7. Though the above advantages offered by FES are noteworthy, the ones that distinguish 
it from any other mechanical orthosis come under the heading of 'therapeutic effects'. 
Several therapeutic or carry-over effects associated with FES have been reported and 
investigated over the last 36 years. These are discussed below: 
a. Increase in voluntary torque: This was first observed by Liberson et al. in 1961. It 
was stated that the spontaneous dorsiflexion in some patients seemed to improve. 
McNeal and Wilemon in 1969 and Kralj et al. in 1971 also observed this effect in 
hemiparetic patients using peroneal stimulators. However the first reports with 
quantitative results were published by Vodovnik et al. in 1971 and 1973. Their 
findings, and subsequent more careful studies confirmed the above, and offered 
statistical support for the following observations: 
" There is an increase in voluntary torque with time (during an 1 hour period) after 
stimulation [Vodovnik, 1971; Vodovnik et al., 1973; Stefancic et al., 1976]. 
" This effect of stimulation is more pronounced in patients with shorter time from the 
onset of lesion [Merletti et al., 1978; Merletti et al., 1979] . 
" There is an inverse relation between the voluntary strength before stimulation, and 
this increase [Carnstam et al., 1977; Stefancic et al., 1976; Merletti et al., 1979]. 
" This effect improves with the extent of stimulation per day or the total number of 
hours of stimulation [Stefancic et al., 1976; Merletti et al., 1978]. 
9 The recovery of voluntary function is not permanent [Merletti et al., 1978]. 
" Left hemiparetics show slightly better results [Merletti et al., 1978; Merletti et al., 
1979] 
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b. It has also been stated that FES reduces spasticity. Although controversial, this has 
been reported by many workers on the field: A reduction of spastic co-activation was 
reported by Dimitrijevic and Nathan in 1967; in their paper, they went on to suggest an 
anti-spastic, FES-based system. Carnstam et al. in 1977, reported a reduction of spastic 
co-activation of the tibialis anterior muscle (ankle flexor) and the gastrocnemius (ankle 
extensor) muscles on seven hemiparetic patients using FES. It was also observed that 
weak initial reflexes were strongly reduced after stimulation. Merletti et al. in 1979, 
reporting on the application of FES in 50 hemiplegic patients, asserted that this effect 
occurs only in patients with limited spasticity. Stefanovska and Vodovnic in 1989, in 
an experiment involving eight hemiplegic patients with implanted peroneal nerve 
stimulators, reported an improvement in voluntary strength, a significant decrease in 
tonic spasticity and an increase in phasic spasticity in the Tibialis Anterior muscle after 
six months of stimulation. From their findings they concluded that long-term use of 
FES decreased the overall spasticity and influenced the changes in the type of 
spasticity from tonic to phasic. They also stated that the widespread attitude that 
electrical stimulation causes an increase in spasticity results from cases where most 
probably phasic spasticity was increased. Dimitrijevic and Soroker in 1994, reported a 
reduction in spasticity when electrical stimulation was applied over the whole hand 
using a mesh-wire glove. The beneficial effects of this form of cutaneous electrical 
stimulation (i. e. electrical stimulation applied to provide stimuli to skin receptors) has 
been reported by other workers too [Gregoric, 1993; Gregoric and Peterlin-Potisk, 
1993; Seib et al., 1994]. 
c. There is an increase in muscle bulk [Petrofsky and Irvine, 1992; Kern, 1995] and 
blood circulation [Eichhorn et al., 1984; Brown et al., 1976] associated with repeated 
application of electrical stimulation. This is attributed to the active contractions of the 
muscles . 
1.6 IDENTIFICATION OF RESEARCH AREAS ASSOCIATED 
WITH FES 
The clinical application of the first FES system introduced by Liberson excited the 
interest and imagination of many investigators. A wide range of innovative possibilities in 
FES applications have since been suggested, resulting in the parallel pursuit of different 
lines of research. The ones pertaining to the restoration of limb movement can be 
categorised as follows: 
1. Investigation into methods to alleviate/overcome problems/limitations that have been 
exposed during the first applications and developments of surface FES. These 
problems/limitations are listed below: 
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" An inevitable consequence of electrical stimulation, and a major factor limiting its 
functional use, is the early onset of muscular fatigue which impairs force generation 
during subsequent contractions. This is the result of the non-physiological muscle 
recruitment associated with FES; the motor units are recruited in the reverse order (i. e. 
fast, fatiguable fibres first since they have high diameter, and therefore low threshold), 
while firing synchronously in response to the frequency of stimulation. 
" The relation between stimulation current and the response of electrically stimulated 
muscle is a non-linear and temporally stochastic variable. It contains a dead zone, 
saturation, delays, static hysteresis, non-linear dependence on the muscle length and 
the joint angle, and is subject to the effects of fatigue and accommodation' 
Furthermore, these muscle parameters depend greatly on the position of the 
stimulating electrodes. Therefore, the establishment of an accurate mathematical 
model of the muscle is impossible, making open and indeed closed-loop control of 
either isometric2 or isotonic3 contractions difficult. 
" Pain, discomfort, wire breakage, daily positioning of stimulating electrodes, non- 
selective muscle recruitment, and inaccessibility to certain deep muscle groups are all 
problems associated with surface FES. 
2. Investigation to methods to supplement the benefits of FES by incorporating 
biofeedback in the system, to enhance the sensory feedback supplied to the patient 
(sensory loss is a common consequence of hemiplegia). 
3. Investigation in cosmetic feedback sensors to replace / complement the conventional 
foot switches. 
4. Investigation in multichannel stimulation, i. e. extending the number of stimulation 
channels in an attempt to provide a better gait correction. 
5. Investigation to the possibilities of applying FES to correct other disabilities besides 
foot-drop e. g. restoration of hand grasping functions in hemiplegics and standing I 
walking in paraplegics 
6. Investigation to the therapeutic and spasticity effects associated with FES. 
' Accommodation is a phenomenon observed when subsequent electrical stimuli (or any other kind of 
stimuli) saturate the nerve, disabling further excitation. 2 Isometric contraction occurs when the muscle does not or cannot shorten, but the tension on the muscle 
increases greatly. 
3 Isotonic contractions occur when a constant load is moved through the range of motions possible at a 
joint. During such contraction, the tension remains almost constant. 
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The contributions. of workers pursuing the above research lines (with the exception of the 
last one - discussed in section 1.5) are detailed in the next section. Although the project is 
directed at the application of FES for correcting hemiplegic gait, developments on related 
areas will also be discussed, as most of the engineering approaches adopted, can equally 
be applied for hemiplegia. 
1.7 ADVANCES IN FES 
In this section, the major advances in FES technology as applied for the restoration of 
functional movements to the lower/upper extremities will be discussed. For clarity, these 
will be categorised as follows: 
" advances in FES for correcting hemiplegic gait, 
advances in FES for restoring standing/walking in paraplegia, 
" advances in FES for restoring hand functions, 
" advances in implanted technology, 
" advances in muscular fatigue reduction techniques, 
" advances in biofeedback techniques, and finally, 
" advances in control strategies. 
1.7.1 ADVANCES IN FES FOR CORRECTING HEMIPLEGIC GAIT 
Following the pioneering work of Liberson et al. in 1961, early developments included 
the replacement of the shoe heel micro switch by a contact tape switch which could be 
inserted in a shoe insole (this is the arrangement used at the present). Further, to improve 
the reliability of triggering, several switches could be inserted in parallel. The subsequent 
major steps in development of the peroneal stimulator (or 'peroneal brace', as it was 
referred by Liberson) are as shown in figure 1.13. 
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Figure 1.13 Developments of the peroneal stimulator: (a) Classical Liberson version (b) 
Incorporated radio frequency (RF) switch trigger link (c) Implanted electrode version (d) Self-contained 
under-knee bandage version (Taken from Kralj and Vodovnik, 1977) 
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Attempts to improve the triggering methods were made by employing a radio frequency 
(RF) link, with the transmitter located in an insole in the arch of the foot, Figure 1.13 (b). 
However, this triggering method did not find wide clinical applications because of its 
unreliability and non-practicality [Kralj, 1995]. Figure 1.13(c), illustrates the development 
of an implanted system, consisting of a heel switch which triggers stimulation via an RF 
link, which in turn, is delivered to the implanted electrodes via another RF link. An 
extension of this, is portrayed in Figure 1.13 (d), whereby the stimulator (and RF link) is 
arranged in a below the knee bandage, thereby avoiding the use of extra wires. This 
design closely resembles the arrangement used in present implanted systems (see section 
1.7.4) 
Flexibility in the timing and duration of stimulation, and a gradually modulated. 
stimulation amplitude have also been successfully introduced, [Gracanin et al., 1969]. The 
result was an improved stimulation sequence and, consequently, a more natural gait. The 
timings defining the stimulation envelope are illustrated in figure 1.14. A further 
improvement was introduced by the same author [Gracanin et al., 1969], who presented a 
stimulator which adapted the stimulation time (Ton in figure 1.14) according to the 
patient's speed of cadence. This adaptation was based on the duration of the previous 
stride. 
Trigger Condition (Heel rise) 
AMPLITUDE 
Td = Initial Delay Time TIME 
Tr = Rise Time 
Ton=On Time 
Tf =Fall Time 
Figure 1.14 Stimulation Envelope timing. 
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Other workers attempted to improve the quality of hemiplegic gait, by allowing the 
amplitude of the stimulation envelope to vary throughout the swing phase. Stanic et al. in 
1977, used the shape of the EMG signal as derived from the ankle flexors of a healthy 
subject during gait, as a reference for modulating the stimulation amplitude. 
Improvements in the ankle joint goniograms were observed. An alternative approach, has 
been the off-line derivation of the optimum stimulation sequence from mathematical 
modelling of the antagonistic pair of muscles acting on the ankle joint [Bajd and 
Trnkoczy, 1979]. Although an improvement in gait was observed, the low saturation 
muscle force during FES, the need for individual determination of model parameters, non- 
linearities of the system and the daily variability in gait, were factors impeding the routine 
clinical application of this approach. Attempts to close the loop have also been made, but 
failed to find routine clinical applications (this issue is further discussed in section 
1.6.8), [Stanic and Trnkoczy, 1974]. 
Another interesting concept, has been the use of multi-channel stimulation to correct 
hemiplegic gait. The first implementation of this concept was made by Kralj et al. in 1971 
with the development of a three channel system. Candidate muscles for stimulation were 
the peroneal muscles (for dorsiflexion, providing clearance of the foot from the ground 
during the swing phase), calf muscles (for plantarflexion, providing active push off during 
the late stance phase), hamstrings (for knee flexion, providing clearance of the foot from 
the ground during early swing) and quadriceps (for knee extension, increasing the step 
length during late swing phase). The stimulation sequences were synchronised with gait 
via a heel switch; each sequence was described by a fixed delay and a duration time. This 
system is illustrated in the figure below. 
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Figure 1.15 Three channel system to correct gait in hemiplegics: (Taken from Kralj et at., 
1971) 
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Kralj, encouraged by the successful results of his 3 channel system, extended the number 
of channels into six, thus including stimulation of additional muscles, such as the gluteus 
maximus (for stabilising the trunk during stance phase) [Kralj and Vodovnik, 1977]. A 
similar system was used and evaluated in 20 hemiplegic patients by Bogataj et al. in 1989. 
In this paper it was asserted that multi-channel stimulation offers good prospects for faster 
and more efficient gait rehabilitation in severely impaired patients. These results were 
confirmed by a subsequent study [Bogataj et al., 1993]. 
In an attempt to improve the co-ordination of muscle contractions, Stanic et al. in 1974, 
devised an off-line strategy to optimise this timing of the stimulation sequences (i. e. 
initial delay and duration) for each patient based on the symmetry of the two legs. 
However, this did not find clinical practice because of its complexity. 
Although multi-channel systems have demonstrated an improved gait correction, they 
have failed to penetrate the practical clinical practice because of their unacceptable 
cosmetic appearance, and time-consuming daily fitting. Other workers, have attempted to 
improve the practicallity of FES orthosis, by using an alternative to the conventional foot- 
switch, sensors. Heath et al. in 1995, used a velocity transducer to measure the angular 
velocity of the leg about the knee joint to trigger stimulation during the swing phase of 
gait. This system has been successfully evaluated in normal subjects, but not yet in 
hemiplegic patients. An alternative approach, has been the use of signals recorded from 
physiological sensors to distinguish between stance and swing phase. Upshaw et al. in 
1995, demonstrated an 85% success in distinguishing between stance and swing phases 
through recordings of the nerve activity from physiological cutaneous mechanoreceptors' 
at the heel side of the foot. The electrical noise caused by the activity of muscles adjacent 
to the recording electrodes, was the main impediment in obtaining reliable triggering 
information. 
1.7.2 ADVANCES IN FES FOR RESTORING STANDING/WALKING IN 
PARAPLEGIA 
The feasibility of multi-channel stimulation has also encouraged the application of FES 
for restoring standing in paraplegics. In their simplest form, standing systems employ two 
channels of stimulation, and require the support of the upper extremity to maintain erect 
posture, figure 1.16. If the quadriceps in both legs are stimulated, then the trunk must 
hyperextend to enable the alignment of the centre of gravity backwards in relation to the 
knee (Figure 1.16 (a)) [Jaeger et al., 1989]. To assist with this, two additional channels for 
stimulating the gluteus maximum can used. 
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(a) (b) 
Figure 1.16 FES-based standing postures: (a) Stimulation of quadriceps; upper trunk should 
hyperextend in order to align the centre of gravity behind the knee joint (b) Stimulation of the calfs; the 
upper trunk should flex in order to stabilise the knee joint. 
Alternatively, the upper trunk can be displaced forward, and balance be maintained by 
stimulation of the calf muscles (Figure 1.16 (b))[Fujita et al., 1990]. Switching between 
these two postures has also been demonstrated; by doing so, the period over which each 
muscle set is stimulated is reduced, thereby reducing fatigue and prolonging the standing 
period [Kralj and Jaeger, 1982]. Successful clinical/home applications of such systems 
have been reported [Taylor et al., 1993]. 
Restoration of walking in paraplegics has also being extensively investigated over the last 
few decades. Ambulation in paraplegics can be achieved by stimulating a set of muscles 
to enable safe posture during the stance phase, while stimulating another set, for realising 
the swinging phase of the affected limbs. The possibility of evoking the spinal flexion 
withdrawal reflex for producing sustained simultaneous hip, knee and ankle flexion 
during the swing phase, has also been investigated and successfully applied [Granat et al., 
1993; Nakai et al., 1989]. Such systems require the support of assistive mechanical 
structures such as crutches [Matjacic et al., 1995], or walkers [Isakov, 1995]. Their 
support is sometimes reinforced by assistive mechanical orthosis such as RGO' 
(Reciprocal Gait Orthosis) [Petrofsky et al., 1986; Phillips, 1989; Kantor et al., 1993]. 
The most common means of controlling the onset/termination of the stimulation 
sequences in the above systems when applied in the clinical environment is through 
manual switches, situated usually on the crunches or walkers. Foot-switches are less 
1 RGO is a long-leg brace with a hip and knee joints, pelvic band and thoracic support. Two cables attached 
to the anterior and posterior aspects of the hip joints enable a reciprocal action at the hips through 
movement of the upper body weight. 
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common alternatives, as paraplegic patients can not provide the required pelvic thrust to 
trigger them [Graupe and Kohn, 1988]. EMG signals from healthy muscles in the upper 
extremity have also being demonstrated to provide reliable triggering in clinical 
environments [Graupe and Kohn, 1988]. More specifically, Graupe and Kohn mapped the 
upper extremity contractions involved during standing/walking in paraplegics, to 
commands relating to the triggering of predetermined stimulation sequences. 
Another interesting concept, is the use of FES with active orthosis. In these systems, an 
externally powered and controlled brace is used to complement functional movements 
initiated by FES [Popovic et al., 1989]. Such systems though, have been restrained to 
research environments because of their complexity. 
1.7.3 ADVANCES IN FES FOR RESTORING HAND FUNCTIONS 
The first FES hand splint was proposed by Long and Mascarelli in 1963. Their system 
used one channel of stimulation over the wrist extensors, to effect the opening of the 
hand. The level of electrical stimulation was adjusted through the output of a 
potentiometer attached over an auxiliary muscle, transforming voluntary movements of 
the latter into resistance changes, which in turn controlled the level of stimulation. This 
concept of controlling FES was further developed by Vodovnik et al. in 1965. In this 
study, the potentiometer was replaced with an EMG' signal (as recorded from the 
auxiliary muscle). This is shown schematically in figure 1.17; the EMG signal - is 
amplified, and subsequently passed through a modulator which relates the EMG level to 
output stimulation. 
Figure 1.17 Control of FES by using the EMG from an auxiliary muscle: The strength 
of the EMG recorded from the auxiliary muscle is used to adjust the stimulation delivered to the paralysed 
muscle (Taken from Vodovnik et al, 1965. ) 
Electromyogram (EMG) is a record of skeletal muscle electrical activity. 
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Other workers, used the strength of the EMG output of the wrist extensors during 
voluntary contractions, as a trigger for stimulation over these muscles i. e. if the voluntary 
effort to extend the wrist, as recorded by the EMG output, exceeded a certain threshold, 
then stimulation was used to facilitate the initiated movement [Van Overeem Hansen, 
1979; Fields, 1987]. This is called EMG-triggered stimulation. Both workers have noticed 
an increase in volitional control of the wrist following EMG-triggered stimulation. 
More recent systems have used a more 'descriptive' feedback to effect a finer control of 
FES-induced hand grasping movements. Crook in 1995, used a close fitting glove with 
force sensors attached on the fingers of the patient, to provide force feedback to a 
microprocessor controlled stimulator. A digital control algorithm regulates the stimulation 
to adjust the gripping force within a set range of a 'demand' force (this is set by a 
potentiometer, and controlled by the patient). A similar closed loop approach, but with 
force feedback obtained from natural cutaneous receptors from the index finger using an 
implanted cuff electrode, has been recently reported [Haugland et al., 1995]. Nevertheless, 
despite the interest the concept of feedback from natural sensors excites, several problems 
regarding the design of the recording electrodes must be overcome, before such systems 
find routine clinical applications. The major ones are corruption of signal by noise caused 
by EMG artefacts from nearby muscles and electrode movements. 
1.7.4 ADVANCES IN IMPLANTED TECHNOLOGY 
The intrinsic problems associated with surface FES (e. g. time consuming daily electrode 
positioning, physical discomfort from the stimuli, poor selectivity and cosmetic 
appearance) led to the development of implantable systems. The first commercially 
implantable system, called Neuromuscular Assist, was developed by Medronics in 1968. 
Although intended for dropped-foot correction, its basic design conforms to the one 
adopted by many other subsequent workers. It consists of three main parts: (a) an external 
stimulator and antenna that generates and transmits an RF signal through the skin, (b) a 
heel switch transmitter which triggers the stimulator, and (c) a surgically implanted 
passive receiver and electrode which receives the signal and converts it to a train of 
electrical pulses delivered over the peroneal nerve [Waters et al., 1975; Strojnik et al., 
1987; Rozman et al., 1993]. This is shown schematically in figure 1.18. 
The encouraging results obtained with single channel implant systems, has prompted 
investigators to extend the number of channels available. Dual-channel systems have been 
developed to provide a more reliable selective stimulation of the common peroneal nerve, 
by controlling separately dorsiflexion and eversion [Holsheimer et al., 1993; Tomsic et 
al., 1995]. 
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Figure 1.18 Basic design of implanted system: A preset level of stimulation is triggered by a heel 
switch, and is delivered to the implant via an RF link. The received RF signal is smoothed out, and is fed 
to the electrodes. Taken from Strojnik et al., 1987. 
Advances in technology have also yielded improvements in the original design, realising 
more 'intelligent' systems. In most present multi-channel implantable systems, the implant 
receives both its information and power from the RF signal transmitted by the external 
unit. In this way, the implant is able to decode commands, thereby enabling the 
implementation of more complex stimulation patterns, for an extended number of 
channels. Based on this design, reports on the development of eight or more channel 
implants is common [McNeal et al., 1987; Meadows et al., 1993; Davis et al., 1993; Mayr 
et al., 1995]. 
More recent advances in the field, include the encapsulation of receivers and electrodes 
into single miniature implants called microstimulators, which can be injected in the 
muscle via a hypodermic needle. The idea has also been extended to realise the 
development of microsensors, which by establishing two way communication with the 
external unit can transmit sensory feedback to the external unit [Strojnik et al., 1995]. 
However, despite these intriguing developments, the lack of reliable, miniature sensors 
(for parameters such as joint angle and foot contact) has constrained the possibilities and 
applications of these systems. Nevertheless, research is currently being undertaken to 
overcome this problem; efforts are directed towards 'decoding' the information relayed by 
afferent nerves [Upshaw et al., 1995; Goodall et al., 1991]. At Surrey University, an array 
of thin film microelectrodes has been used to enable selective recordings from peripheral 
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nerves [Banks et al., 1995; Banks, 1994]. However, problems such as a large volume of 
raw data, low signal to noise ratio, and unreliable use have to be overcome before such 
systems find practical clinical applications. Additional limitations associated with 
implanted systems in general, impede the application of the above sensors. These 
limitations as reported by different workers, are summarised below: 
" Fracture of electrode leads either during implantation surgery, or as a result of the 
dynamic bending stresses exerted on them during gait [Yergler et al., 1971; Marsolais and 
Kobetic, 1986; Holsheimer et al., 1993]. Some workers overcame this problem, by simply 
designing the system in such a way so that no electrode leads were required. This is 
exemplified by a system developed by Strojnik [Strojnik et al., 1987], in which he shaped 
the electrodes in such a way so that they could also be used as fixation loops in the 
surgical procedure. Also, the design of injectable microstimulators demonstrates the 
elimination of electrode leads [Strojnik et al., 1995]. 
" Movement of electrodes relative to the nerve: This is by far one of the most limiting 
factors in implanted systems, and has been widely reported [Waters et al., 1985; 
Marsolais and Kobetic, 1986; Strojnik et al., 1987; Goodall et al., 1991; Kljajic et al., 
1993; Holsheimer et al., 1993; Davis et al., 1993]. 
" Tissue/Nerve damage: Although tissue damage (which might result in infection) is not a 
common encounter, it has nevertheless been reported [Waters et al., 1985]. Tissue/nerve 
damage can be caused either by the mere presence of the electrodes, or by the electrical 
stimulation. The first makes the use of steralisable, long term bioresistive materials, an 
imperative [Mayr et al., 1995]. The choice of stimulation parameters can also contribute 
to adverse tissue responses. Mortimer and Peckham in 1973, in their experiments with 
adult cats, concluded that balanced charge biphasic stimulation is safer than monophasic 
stimulation, since they prevent the migration of bodily ions towards the electrodes. They 
stated that by using biphasic stimulation, greater current densities could be used without 
the effect of increased tissue damage. Mortimer and Warren in 1993, stated that electrode 
geometry, and hence the distribution of current density, also plays a particular role in 
tissue damage. 
1.7.5 ADVANCES IN BIOFEEDBACK TECHNIQUES 
In the neurological healthy person, the process for motor, goal-oriented action is 
constantly regulated according to the feedback obtained regarding the success of that 
action. With practice, the action becomes increasingly automatic; it requires less 
conscious effort. In the neurological impaired (e. g. stroke patients), skill acquisition and 
motor learning are impeded by difficulties in sensory input, neuronal organisation, motor 
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output or a combination of these. Motor output can often be readily enhanced by 
electrical stimulation. It is also widely accepted, that with physiotherapy a 'learning 
process' (which could be interpreted as a neuronal re-organisation) takes place, by which 
the impaired patient regains some 'normal' functionality. This is achieved by the 
physiotherapist retraining normal movements by providing information to the patient via 
tactile, visual or verbal clues. An interesting concept is the substitution of the clues given 
by the physiotherapist by the use of biofeedback. Biofeedback is a technique in which the 
individual is made aware of physiological functions with the aim of learning to control 
these functions. However, the efficiency of such rehabilitative modality is debatable. In 
this section, some biofeedback techniques are discussed, with special attention to the 
combination of biofeedback with FES. 
EMG is a common means of providing feedback to the patient relating to the strength of 
muscle contraction. However, some workers found limited usefulness in this technique 
[Binder et al., 1981; John Knee et al., 1993]. However, Lincoln in 1992, overview the 
work published by many investigators in EMG biofeedback, and concluded that this is a 
treatment technique that may be used to facilitate the recovery of stroke patients, but 
should be used to supplement conventional physiotherapy, not replace it. 
More promising outcomes have been documented from positional biofeedback (the 
feedback of the joint angle). Winchester et. al in 1983, in a controlled study with 40 
hemiplegic patients, combined electrical stimulation with positional biofeedback as a 
treatment to facilitate knee extension. He presented the changing knee angle and the 
success in attaining a pre-set target as audio tones and visual displays; an audio tone, 
meter display and digital display reflected the knee angle, while the lighting of a lamp 
depicted success in achieving a preset knee angle. He observed a statistically significant 
increase in knee extension torque and active synergistic range of motion using 
biofeedback. Kirtley and Andrews in 1990, linked shoulder protraction to knee joint 
extension by a cable based mechanical linkage. The tension in this cable was then used to 
control the stimulation applied to the knee extensors (quadriceps), and also provide 
sensation (on the shoulders) relating to the spatial position of the leg. Results showed 
improvements in controlling the position of the leg with this biofeedback technique. 
Colborne et al. in 1993, in a controlled study with hemiplegic patients, by representing 
the attainment of a preset ankle joint angle as an auditory signal and displaying on a 
monitor EMG signals from the affected calf muscles while walking, observed an 
improvement in gait (better speeds and symmetry). 
Also, feeding temporal gait variables, such as step length using audio/visual techniques, 
back to the patient during gait have demonstrated beneficial outcomes [Montoya et al., 
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1994]. Other workers have investigated the possibility of substituting audio / visual 
biofeedback techniques, with either vibrotactile systems (frequency of vibrations varies 
with tested variables)[Phillips et al., 1991], or electrical stimulation (by providing a 
sensation that varies according to the tested variables)[Nohama and Cliquet, 1995]. Erzin 
et al. in 1993, employed the latter method, to deliver a warning sensation (to prevent fall) 
and a reward sensation (after one phase of gait has been successfully accomplished). They 
reported a significant improvement in gait. 
Another technique which could be categorised as a form of biofeedback, is EMG 
triggered FES (see also section 1.7.3). Here, the stimulation is only delivered if a preset 
voluntary contraction (as recorded by the EMG signal) of the target muscle has been 
attained. Therefore, the stimulation acts as a biofeedback (reward), confirming successful 
attainment of a pre-set muscle contraction. This technique has shown increased voluntary 
isometric strengths and ranges of motion [Van Overeem Hansen, 1979; Fields, 1987; 
Mokrusch and Klimmek, 1995]. Field in 1987, attributed this to dynamic learning effects 
of a central nature (i. e. in the CNS), caused by the reinstation of proprioceptive feedback, 
which in this case occurs concurrent with the attempted movement 
1.7.6 ADVANCES IN MUSCULAR FATIGUE REDUCTION TECHNIQUES 
An inevitable consequence of FES, and a major factor limiting its use, is the early onset of 
muscular fatigue. Its causes may be central (e. g. due to abnormal or inadequate motor 
neurone recruitment) or peripheral (due to failure at or distal to the neuromuscular 
junction including at or beyond the muscle's membrane). Since generally FES systems 
activate muscle via the peripheral motor nerves, central fatigue mechanisms are not 
involved. This section presents available methods which have been developed for 
reducing peripheral fatigue during FES. 
A. FIBRE-TYPE CONVERSION 
It is well established that muscle comprising predominantly slow, oxidative type I fibres' 
is more fatigue resistant than muscle comprising predominantly fast glycolytic type II 
fibres. It follows that if the composition of a muscle could be altered in favour of type I 
fibres, then fatigue resistance would be enhanced. Chronic low frequency stimulation (in 
the order of 10Hz) could alter muscle fibre composition, tending to increase fatigue 
resistance but at the expense of reducing the speed of contraction and the power output of 
the muscle [Massion, 1988; Scott et al., 1985]. Also, experimental evidence suggests the 
superiority of high frequency bursts imposed in a non-random fashion on a mean low 
frequency ( this is due to the catch-like property of muscle -see section 1.7.6. C) [Cramp 
and Scott, 1995] 
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B. SEQUENTIAL OR CYCLICAL STIMULATION 
In voluntary contractions of skeletal muscles, the motor neurones of different active motor 
units fire asynchronously, the resultant overlap in motor unit twitch tension enables the 
muscle to contract smoothly even when its motor units fire at low frequencies. However; 
with electrical stimulation the motor units are recruited synchronously, not allowing 
intervening 'rest periods' to the active motor units thus producing excessive fatigue. With 
sequential or cyclical stimulation, multiple electrodes activate either various parts of one 
muscle or individual muscles within a muscle group [Petrofsky, 1979 ]. Stimulation is 
periodically shifted in cyclical fashion between the electrodes and the fibre 
groups/component muscles thus contract intermittently while the overall muscle/muscle 
group continues to contract. This effectively delays the onset of fatigue. 
C. MANIPULATION OF STIMULA TION PARAMETERS 
Fatigue varies markedly according to impulse frequency and pattern. High frequencies 
(50-100Hz) although elicit strong contractions with a rapid rate of force production, also 
produce a rapid rate of fatigue. Low frequencies (10-50Hz) produce much less fatigue at 
the expense of much slower rate of rise of force [Carroll et al., 1989]. A rapid rate of force 
production in combination with a low rate of fatigue can be realised using the catch-like 
property of the muscle- [Binder-Macleod and Barker, 1991; Stokes and Cooper, 1989]. 
The catch-like property of skeletal muscle is the tension enhancement seen when an 
initial, brief high-frequency burst is delivered at the onset of a lower constant frequency 
train. In this way, the muscle tension can be maintained with lower than normal 
frequency, thereby delaying the onset of fatigue. The causal mechanisms of this effect 
include a slowing of relaxation rate (which is associated with low frequency stimulation) 
and post tetanic potentiation' [Stokes and Cooper, 1989]. 
D. PHYSIOLOGICAL RECRUITMENT OFMOTOR FIBRES 
An intrinsic limitation of FES, is the non-physiological muscle recruitment from fast non- 
resistant to fatigue muscle fibres (which have big diameter and hence low threshold), to 
slow fatigue resistant muscle fibres (which have lower diameter, and hence higher 
threshold). This results in the early onset of muscle fatigue. However, by introducing a 
blocking stimulus while having the firing rate stimulus being delivered on the 
background, this problem can be overcome. The blocking stimulus is used to. 
hyperpolarise certain nerve fibres and to inhibit the stimulation intended for muscle 
contractions from reaching the corresponding muscle fibres). By linearly decreasing the 
blocking stimulus' amplitude from the just above the threshold of the smallest diameter 
1 Post-tetanic potentiation is the phenomenon observed when the activation threshold of the post-synaptic 
motorneuron is lowered after a period of subsequent excitations. 
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axons (slow, fatigue resistant fibre) to the just below threshold of the largest diameter 
axon (fast, non-resistant to fatigue fibre) the physiological recruitment order can be 
realised. Blocking of the nerve has been reported by using high frequency stimulation (in 
the order of 500-600 Hz)[Solomonow et al., 1983; Zhou and Baratta, 1987], a D. C. anodal 
voltage [Petrofsky, 1978], and a quasitrapezoidal shaped waveform [Fang and Mortimer, 
1991]. It should be noted though, that anodal blocking has been demonstrated in animal 
experiments, not humans. 
E. HYBRIDISATION 
Fatigue may be reduced by using hybrid orthoses i. e. incorporating mechanical or weight 
bearing orthoses into the design. The mechanical orthosis (e. g. RGO) offers the 
advantages of postural stability and protection from injury if a fall were to occur. 
Electrical stimulation (used to facilitate gait) increases the efficiency and speed of 
movement, making a more practical system than the use of mechanical orthosis alone. 
The more energy efficient gait produced with hybrid systems, as compared to either FES 
or mechanical orthosis used alone, results in a delay in the onset of muscle fatigue. The 
major disadvantages of such systems include poor cosmetic appearance, cost and 
inconvenience-in daily fitting [Petrofsky et al., 1986; Douglas et al., 1983]; 
1.7.7 ADVANCES IN CONTROL 
The development of reliable and efficient control algorithms to be used in clinical FES 
systems has been a dominant challenge for engineers. The intrinsic non-linearity, and 
time-varying properties of the muscle, have made its modelling and control difficult. This 
is exacerbated by the lack at the present of aesthetic and accurate sensors that could be 
used for closing the loop. As a result, anything more than a simple open loop control 
strategy is often confined to research environments. In this section, the main muscle 
models used in control systems will be briefly described, followed by a discussion on the 
main control strategies that have been considered. 
A. MUSCLE MODELS 
Muscle is a non-linear and temporally variable material, with its mechanical properties 
being non-linearly dependent on its length, and rate of length change. Furthermore, its 
response to electrical stimulation varies non-linearly with electrode movement, and load. 
The muscle joint system under electrical stimulation can be divided into three inter- 
related dynamic components: muscle activation dynamics, muscle dynamics and passive 
joint dynamics, figure 1.19 [Flaherty et al., 1994]. 
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Figure 1.19 Muscle joint system: (Based on the model presented by Flaherty et al., in 1994). 
The muscle activation dynamics govern the transition of the muscle from one level of 
activation to another when the stimulation parameters change (i. e. convert the effects of 
the stimulation amplitude, pulse width and frequency into one activation level). The 
muscle dynamics consist of a contractile tension generating element, and passive visco- 
elastic components found in the muscle. Additional passive elements and load constitute 
the joint dynamics. It is emphasised, that in the absence of voluntary control, the tension 
generating element is not only controlled by the activation dynamics, but also by the 
position and angular velocity of the joint. In addition, the joint's position /velocity may 
also alter the parameter values of the muscle dynamics i. e. it might change its visco- 
elastic properties. As control schemes are most often linear, a linear representation of the 
muscle's dynamics is preferred. Therefore, in most cases the activation dynamics are 
lumped together with the tension generating element to produce a non-linear static 
element, with the effects of joint angle and velocity being either completely eliminated 
(figure 1.20 -a), or added to the model as a separate entity (figure 1.20 -b). This static- 
non-linearity represents the relationship between a single parameter variable of the 
stimulus (i. e. either amplitude or pulse width or frequency) with the recruitment level - 
this is called the Isometric Recruitment Curve (IRC). Also, the passive visco-elastic 
elements are most often simplified to a second-order system; this has been proven to be a 
fairly accurate representation of the muscle's passive dynamics [Baratta et al., 1989]. This 
arrangement of a static non-linearity with a second order linear dynamic system is called 
the Hammerstein structure, figure 1.20 [Hunter and Korenberg, 1986]. 
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Figure 1.20 Hammerstein structure: (a) The standard Hammerstein structure consisting of a static 
non-linearity in series with the muscle dynamics, while in (b) the joint angle and velocity characteristics 
are included 
The main advantage of this model is that it can be transformed into the z-domain, thereby 
enabling the modelling of a muscle as a discrete-time deterministic autoregressive moving 
average (DARMA); this can be easily handled by computers, and its parameters can be 
identified on-line (using a recursive Least Square (RLS) algorithm). This model is the 
most commonly used at the present [Bemotas et al., 1986; Wilhere et al., 1985; Chizeck et 
al., 1989; Bemotas et al., 1987]. 
B. CONTROLLERS 
This section will concentrate on the description of the most commonly used control 
schemes. Two levels of control can be identified, namely high level, and low level 
control. High level controllers can be visualised as establishing FES strategies (e. g. 
determine when a posture adopted by the subject is dangerous), while low level 
controllers, concentrate on the control of individual joints. 
One way to establish an FES strategy is through state diagrams. These diagrams can then 
be translated into rules (Rule-based system), and incorporated into the system [Popovic et 
al., 1989; Tomovic et al., 1990]. These rules, being activated through specific patterns of 
sensory feedback, control the changes in FES patterns, and activate emergency routines in 
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instances such as adoption of a dangerous posture. Rule-based control is widely used (e. g. 
in hybrid systems and standing systems), and development of specific software languages 
to facilitate its synthesis have been reported [Phillips, 1990]. It should be noted, that 
present open-loop systems can be considered as high-level rule-based systems, as 
stimulation is delivered based on rules relating the foot-switches input and the triggering 
of stimulation, e. g. in present systems stimulation is often delivered on heel rise, and 
terminated on heel strike. 
Over the recent years, artificial networks have also been employed in establishing high 
level control [Kostov et al., 1992; Sepulveda and Cliquet, 1995; Upshaw et al., 1995]. 
Here, a neural network can be trained to distinguish between the phases of gait, and 
allocate to each of these an FES pattern. The trained network can later be used in 
isolation as an FES controller. The main disadvantage of this technique is that the 
training can be time consuming, and its performance degrades with time from training 
[Kostov et al., 1992]. 
ii Low-Level control 
Two main types of low level controllers can be identified, feedforward and feedback 
controllers. 
a. Feedforward controllers 
The basic design of these controllers, incorporates the inverse characteristics of the plant 
in an open loop configuration, figure 1.21 
Angle, Inverse plant dynamics Plant Angle, 
Velocity (compensator) (eg Muscle-joint-load) Velocity H 
Figure 1.21 Feedforward controllers 
Using this approach, Hausdorff and Durfee in 1991, attempted to control the knee angle of 
a swinging leg, by modelling the leg as a pendulum, the muscle as a second order linear 
system, and accounting for angle-force deviations by linearly adapting the IRC curves. 
However, the results from this study were not so promising, and it was concluded that 
closed-loop control may be essential for functional restoration in gait. These conclusions 
were later confirmed by Veltink et al. in 1992. In this study, the muscle was modelled as a 
DARMA model, with the velocity / angle - force variations being accounted for, to 
control the positioning of a cat's leg. The performance of the system was 
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sometimes observed to be inferior to the one without the compensator (i. e. the inverse 
plant dynamics), the difference being strongly dependent on modelling errors. However 
the above conclusions regarding the requirement of a closed-loop system for acceptable 
performance, are in disagreement with the ones drawn by McNeal et al. in 1989. By using 
an iterative procedure, McNeal produced a stimulation envelope for each of the four 
paraplegic patients involved in the experiment, to control the swinging of their legs. The 
repeated angle trajectory response to this stimulation envelope was extremely consistent, 
degrading only with the onset of fatigue. From this discrepancy in results, it can be argued 
that an iterative procedure might be superior to a feedforward controller. 
b. Closed-loop control 
The most common controllers in the literature are Proportional Integral Derivative (PID) 
or Proportional Integral (PI) controllers. These controllers have been particularly 
successful in controlling isometric contractions [Wilhere et at., 1985; Chizeck et al., 1988; " 
Crago et al., 1980]. In these systems, the force from an isolated muscle (most commonly a 
soleus muscle of a cat - as it is composed of fatigue resistant muscle fibres) is fed back, as 
illustrated in figure 1.22. The success of these systems can be attributed to the low 
modelling errors (the characteristics of the PID/PI controllers are derived from the poles 
of the model) enabled by the avoidance of angle / velocity -force non-linearities. 
MUSCLE 
........., .................................... 
Reference Controller Static Muscle Isometric 
Force -ý - (eg PID) Non Linearity Dynamics Force 
................ ...... 
Figure 1.22 Closed-loop control of isometric force. 
More practical control systems, employ positional feedback. The first system to control 
joint angle using FES was developed by Vodovnik et al. in 1967. In this, a simple muscle 
model was used which consisted of a torque generating element, a viscous element, and 
the inertia of the hand. The dynamics were preceded with a fixed delay, and two 
modulators were used to map the contractions of the agonist and antagonist acting on the 
joint according to the direction of error (e. g. if the error was positive, the agonist was 
stimulated, if the error was negative, the antagonist was stimulated). Though the results 
were not acceptable, the concept of closed-loop positional control using FES was 
introduced. Stanic and Trnkoczy in 1974, used the same principle of agonist / antagonist 
control, to regulate the angle positioning of the ankle of a hemiplegic patient, but with a 
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better controller (PI) and a better muscle model (second order linear model). Their results 
were more promising than Vodovnik's. Better position control, can be achieved by better 
modelling, as demonstrated by workers who employed more descriptive muscle models 
[Riener et al., 1995; Peterson and Chizeck, 1987]. 
A promising concept in the position control, is the combination of a feedforward, with a 
PI controller (figure 1.23)[Veltink et al., 1992; Quintern et al., 1995]. The basic principle 
underlying this design, is the correction of inaccuracies in the feedforward controller by 
the PI controller. 
Desired 
Angle 
Angle 
Figure 1.23 Combination of feedforward with closed-loop control. The Feedforward 
controller gives an estimate of the stimulation required to reach the desired position. This is corrected by 
the PI controller(Taken from [Quintern et al., 1995]). 
Other types of controllers besides the PI / PID controllers have also been introduced. One 
of the most promising is the adaptive controller introduced by Bernotas (Figure 
1.24)[Bernotas et al., 1987]. 
T 
Estimator 
{_ Ü 
Reference= Inverse DARMA Muscle 
Isometr 
Force 
c 
Force Model 
ADAPTIVE CONTROLLER 
Figure 1.24 Block diagram of the adaptive controller: Past inputs (U) and outputs (T) are 
used by the estimator to predict the optimum parameters (P) for the inverse DARMA muscle model 
(Bernotas et al., 1987] 
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Basically, this is an adaptive feedforward controller; it consists of an inverse DARMA 
model of the muscle, with its parameters being dynamically updated by using an 
exponentially weighted recursive least squares algorithm, to optimise the model's 
parameters obtained from an estimator, by minimising a cost function. This controller 
when compared to a PI controller, has demonstrated satisfactory performance on 
isometric control. However, in a subsequent evaluation of the adaptive controller in non- 
isometric conditions, it was observed that its performance degraded with abrupt changes 
in the system [Chizeck et. al, 1989]. 
Evolution strategy is one of a few controllers that operates without the need for 
knowledge of plant dynamics (i. e. no muscle model is required) [Nutzel et al., 1990]. 
This controller bases its operation on a mutation and selection process i. e. a change in the 
output is proposed and applied. This effect of this change is obtained through feedback, 
and used for calculating a cost function. If the cost function has decreased, meaning that 
the error has decreased, then this change provides a new reference for the controller. If 
the opposite happens, then this change is omitted. The main disadvantage of this 
controller is that it is too slow. It has been suggested that certain pre-knowledge of the 
plant dynamics is required, to increase the likelihood that the proposed change is 
desirable. 
1.8 CONCLUSIONS 
Despite the promising prospects of FES and the increasing interest it has captured in the 
rehabilitative arena, from the clinical point of view, its progress has been slow. A wide 
range of innovative ideas have been proposed over the years, but as yet, the basic design 
of the FES system pioneered by Liberson has seen very few modifications: Advances in 
technology have enabled a smaller packaging of the stimulator, thereby increasing its 
cosmetic appearance by the patients. This miniaturisation of electronics, also facilitated 
the acceptance of two channel systems in routine clinical practice. In addition, an 
improved design of the foot-switches has led to a more reliable triggering. However, as 
yet, no clinically reliable sensor has been introduced to replace the conventional foot 
switch. Further, this has restricted present systems to open loop operation (i. e. the use of 
pre-set stimulation envelopes and parameters, being triggered by one or more foot 
switches). As a result, present systems suffer from the following drawbacks: 
" They possess all the intrinsic problems associated with surface FES such as time 
consuming daily fitting and possible discomfort to the patient caused by the stimulus. 
" Setting up of the stimulation parameters and timings for each individual patient can be 
time consuming. The usual procedure is for the physiotherapist to set up the timings (e. g. 
initial delay, ramping times, and maximum 'on' times, through hidden controls within the 
39 
stimulator) and two of the stimulation parameters (usually either frequency and 
amplitude, or frequency and pulsewidth) while letting the other one (usually either 
amplitude or pulsewidth) be controlled by the patient. However, with extended use of the 
devise, these settings need subsequent re-adjustments during the day, and on a day-to-day 
basis. 
" These settings do not account for any internal (e. g. fatigue, and spasticity) or external 
(e. g. environmental obstacles and daily variations in positioning of the electrodes) 
perturbations. As a result, it is a common practice for the stimulation amplitude to be set 
at a supra threshold value, in order to allow for a 'safety' margin of foot-clearance during 
gait. This 'extra' unnecessary muscle contraction inevitably leads to the early onset of 
muscle fatigue. 
" With present systems, the patient is unaware of his gait performance, i. e. there is no. 
biofeedback. 
" Foot-switches (and the associated cabling) are susceptible to breakdown. This results 
from the relatively large forces exerted on them during gait. Moreover, their usefulness is 
limited if the user can not produce a sufficiently strong heel-contact or toe push-off to 
enable its triggering. This is particularly evident when climbing stairs. 
In the following paragraph possible research avenues to solve these problems are 
introduced. However, it is emphasised that this project was aimed at applying engineering 
techniques to overcome the present limitations inherent in surface hemiplegic electrical 
orthoses, without compromising their clinical suitability. Thus the solutions adopted have 
this constraint in mind. 
" The first problem could only be overcome using implanted technology. As the research 
objectives were confined within surface electrical stimulation, (and in any case, different 
problems would be encountered with implanted technology, such as movement of 
implanted electrodes relative to the nerve and unreliable implanted feedback sensors), it 
was concluded that overcoming this problem was beyond the scope of this study. 
" Determining the optimum parameters for each patient is critical. The procedure for 
doing this could be automated by using an iterative approach as demonstrated by Stanic et 
al. in 1977. However, this would be too time consuming as the patient would have to walk 
for a period of time before the system would converge to a set of optimum stimulus 
parameters. Furthermore, feedback to the controller regarding the quality of gait, 
presupposes the fitting of several sensors on the patient. This would further delay the 
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process. An alternative route, would be to use the recent advances in existing technology, 
to increase the user-friendliness of the stimulation control panel; this would enable fast, 
on-line adjustment of the stimulus according to the patients' disability, by the operator / 
physiotherapist. 
The day-to-day variations in these parameters, could be overcome by closing the loop. 
The effectiveness of closed-loop systems in accounting for temporal perturbations (which 
require variations in the stimulus parameters) has been well established in literature. 
However, most of these systems use either goniometers or force transducers as their 
feedback (see section 1.7.7). The incorporation of such sensors into the system would 
compromise its cosmetic appearance, thereby minimising its practical use. Another 
possibility, is the use of EMG to provide feedback relating to the strength of muscle 
contraction. However, this requires complex circuitry for analysing the signal, and in case, 
it has been shown to be unreliable when a high degree of accuracy is required [Merletti et 
al., 1993]. More recent sensors, such as the knee angular velocity sensors [Heath et al., 
1995], could not be used in this application, as it was expected that their performance 
would degrade if the patient was unable to adequately flex his knee (this is a common 
disability in hemiplegic patients). Therefore, an investigation into alternative means of 
feedback would be imperative prior to the implementation of an appropriate closed-loop 
algorithm. 
An additional concern would be the derivation of a muscle model to be used in the closed- 
loop algorithm. The accuracy of muscle models in simulating free movement is penalised 
by their complexity. In addition, their accuracy can be compromised by problems such as 
variations in the daily electrode positions, and the onset of fatigue / spasm. Furthermore, 
the identification of the model parameters for each individual patient would be an 
unacceptably complex task. Nevertheless, it has been demonstrated that it is possible to 
control the position of a lower limb without the requirement of a muscle model. This 
could be done using a rule based system [Popovic et al., 1989], an iterative process 
[McNeal et al., 1989], or an evolution strategy [Nutzel et al., 1990]. Therefore, a suitable 
adaptive control algorithm for this specific application could be implemented using a 
combination of these control techniques. 
" The problem of accounting for internal (e. g. fatigue and spasms) or external (e. g. stairs) 
perturbations could be overcome by the portable closed-loop system mentioned above. In 
addition, presupposing that this system would adapt the stimulation according to the gait 
requirements, the strength of the muscles' contractions would be less than with present 
systems; this was expected to delay the onset of muscle fatigue. Another possibility in 
reducing fatigue would be manipulating the stimulation parameters, such as preceding 
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low with high frequency stimulation to exploit the catch-like property of the muscle. It 
was concluded, that alternative documented techniques such as sequential stimulation 
(require multi-channel stimulation, and large muscles), fibre-type conversion (requires 
long term and continual therapy), physiological recruitment of motor fibres (requires 
implanted technology) and hybridisation (unacceptable cosmetic appearance) would not 
be practised in this particular application. 
Regarding spasticity, it has been postulated that electrical stimulation over the agonist 
could, in some cases, alleviate spasticity either of the same muscle [Gregoric, 1993;. 
Gregoric and Peterlin-Potisk, 1993; Seib et al., 1994], or the antagonist [Dimitrijevic and 
Nathan, 1967; Carnstam et at., 1977]. Therefore, if the closed-loop system is to act on the 
ankle joint, stimulating the agonist / antagonist (i. e. dorsiflexors and plantarflexors) would 
be a recommended approach as far as reducing spasticity is concerned; stimulation of the 
calf muscles (plantarflexors) might alleviate their spasticity, thus increasing the response 
of the dorsiflexors to electrical stimulation. The concept of stimulating the agonist / 
antagonist muscle for controlling the ankle joint, has also being adopted by other workers 
[Stanic and Trnkoczy, 1974; Vodovnik et al., 1967]. Therefore, as an initial conclusion, 
using the two channels for stimulating the agonist / antagonist muscles in the closed-loop 
system, would be a reasonable approach. 
" Biofeedback is a useful modality that has proved to have beneficial effects in 
hemiplegic gait (see section 1.7.5). The only means of incorporating biofeedback in a 
portable system is through audio signals, or through sensory electrical stimulation (visual 
biofeedback such as the display of the EMG signal can not be incorporated in a portable. 
system) In the first case, audio feedback could be used to alarm the patient if a dangerous 
posture (as detected by the feedback system) has been adopted. In the second case, the 
closed-loop system itself could be considered as a biofeedback system. For example, if 
the closed-loop system were to target the achievement of a normal gait pattern, then the 
application of electrical stimulation by the system would be interpreted as a failure to do 
so i. e. the application of electrical stimulation implies that gait correction is required. In 
this way, electrical stimulation would also be used as sensory biofeedback, informing the 
patient about the success of achieving a normal gait pattern. 
" Problems associated with foot-switches would be circumvented by the employment of 
alternative means of feedback, a prerequisite in the development of the closed-loop 
system. 
Therefore, summarising the above conclusions, the objectives of the project were: 
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" Improving the user-friendliness of open-loop control in present FES systems as applied 
for the correction of hemiplegic gait. This would tackle the time consuming set-up of 
stimulation parameters according to the patients individual needs. The application of such 
a system would also give further insights into hemiplegic gait. 
" Investigating the possibilities for replacing foot-switches, with alternative, more 
efficient feedback sensors to be used in a portable closed-loop system. 
" Investigating the possibilities in developing an algorithm, not based on a muscle model, 
to be used in the closed-loop system. 
It was felt that the achievement of these goals requires the availability of a versatile, 
portable stimulator to facilitate the research, and be used in the eventual portable, 
clinically and community based closed-loop system. As stimulators available in the 
market are simple in design, it was necessary to develop one. The development of this 
stimulator is detailed in the following chapter. The development of the stimulator's 
software to enable its use in research and clinical applications is discussed in chapter 3. 
A small-scale study to confirm the findings of the research team based in Salisbury 
District Hospital regarding the beneficial effects of plantar flexor stimulation, is presented 
in the subsequent chapter. Chapters 4 and 5 detail the development and evaluation of a 
novel feedback approach respectively. The detailed design of a control algorithm to be 
used in combination with this feedback is described in chapter 6. Finally, the conclusions 
and recommendation for further work are presented in chapters 7 and 8 respectively. 
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CHAPTER 2 
DEVELOPMENT OF STIMULATOR 
2.1 INTRODUCTION 
This chapter describes the development of a versatile stimulator to be used as a tool for 
realising the research objectives. Its specification was drawn from considerations in the 
stimulator's application requirements, the input from the FES research team in Salisbury 
District Hospital, and literature review. Based on these, a dual-channel, portable, 
microcontroller-based stimulator was developed. Its ability to communicate with a PC via 
the RS232 link, and the incorporation of digital/analogue ports laid down the foundations 
for improving open-loop control, and developing a closed-loop system respectively. The 
internal microcomputer system incorporated in the stimulator, enabled the realisation of a 
fully-programmable unit. The stimulator was originally implemented using conventional 
technology components and tested in the laboratory. After confirming successful 
operation, it was implemented in surface mount technology to enable portability, and 
subsequently evaluated in the clinical environment. 
In this chapter, the initial specification as derived from discussions with the research team 
in Salisbury District Hospital is first introduced. Based on this, the considerations and 
modifications which lead to the final specification are then detailed. Subsequent sections 
concentrate on the stimulator's hardware design and implementation. Finally, the 
advantages and limitations of the stimulator are discussed. 
2.2 INITIAL HARDWARE SPECIFICATION 
The initial specification was formulated from discussions between the research team in 
Salisbury District Hospital and the University of Surrey, regarding the design of a 
walking/exercise stimulator that could be used for the rehabilitation of the hemiplegic and 
paraplegic patients admitted to the Salisbury District Hospital. This specification aimed at 
providing a starting point in the design of the stimulator, and is presented below: 
Initial Specification: 
A. GENERAL REQUIRE VIF. NTS 
A. I. Low quiescent current; ideally less than 2 mA. 
A. 2 Removable batteries - type preferably PP3. 
A. 3 Size of stimulator not much bigger than present unit; 95 x 60 x 26 mm. 
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A. 4 Cost of components to be less than £100, probably less than £50 (it should be 
affordable by the patient). 
A. 5 Batteries to be charged externally. 
A. 6 Two channels, expandable to x channels via external multiplexed stage with own 
removable battery. 
A. 7 Initially only two modes of operation are required; exercise and foot-drop modes. 
A. 8 Technology to be used -surface mount / conventional. 
Specifications A. 1-4 were derived from the satisfactory performance of the present foot- 
drop stimulator in Salisbury District Hospital. This stimulator was cosmetically 
acceptable, and its power consumption ensured at least 3 days of use without recharging 
the batteries. The additional facility for externally charging the battery (specification 
A. 5), could be beneficial to patients with severely limited hand function. 
At the present, two channels of stimulation are the most commonly employed in the gait 
re-education of hemiplegic patients; one channels is used for ankle flexor muscle 
stimulation, while the other for correcting an additional gait deficiency. The expansion to 
x channels requirement (specification A. 6), was mostly directed at restoring walking in 
paraplegic or hand functions in hemiplegic patients, rather than hemiplegic gait. Also, 
since it is a common practice for FES candidates, before, and while exploiting the 
orthotic benefits of FES, to strengthen and increase the bulk of their muscles using 
exercise stimulation, the requirement for exercise/foot-drop mode selection was important 
(specification A. 7). In order to keep the size of the stimulator small, implementation in 
surface mount technology was suggested. Nevertheless, certain components that either 
need to be easily replaceable, or have high power consumption (such as the power stages) 
should be implemented in conventional technology (specification A. 8). 
B. INPUT/ 0 UTPUT REQUIR&V EWTS 
B. 1 Inputs - foot switch (possibly two), some analogue/digital inputs and outputs. 
Requirement for constant current source and debouncing for foot-switches. 
B. 2 Outputs - stimulation channels, stimulation LED (Light Emitting Diodes) indicators, 
and bleeper. LEDs should be pulsed, and follow stimulation envelope. 
As the foot-switch is the commonest feedback in present FES systems, its compatibility 
with the stimulator is essential. Furthermore, additional inputs were envisaged to allow 
investigation on the use of alternative sensors e. g. goniometers (specification B. 1). From 
clinical experience, the LEDs and bleeper were proved to be useful in providing feedback 
to the patient relating to the stimulator's functional status (specification B. 2). 
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C. CONTROL REQ UIRF)vENTS 
C. 1 Pulse width range - Up to 300 p. s in standard unit. Facility for dishabituation pulses' 
in external unit. 
C. 2 Frequency range - From 2 to 100 Hz. 
C. 3 Amplitude range - Up to 120 mA in standard unit. Up to 160 mA in external unit. 
C. 4 Manual control of amplitude; controls to be suitable for person with limited hand 
function. 
C. 5 Inputs and outputs to be situated on the front of the box ideally. 
C. 6 Software adjustment for the range of the amplitude controls. 
C. 7 Incorporation of computer link; RS232 at least. 
C. 8 User friendly front end software on computer. 
C. 9 Computer set up of all parameters i. e. frequency, pulsewidth and timing. Ideally 
small changes allowable via patient concealed controls. 
C. 10 Computer recording of usage - time and number of steps (off line). Relationship 
between the two if possible. Amplitude of applied stimulus to be available on-line. 
As previously mentioned, the stimulator was envisaged to be developed into two units. 
The main unit would provide two stimulation channels for exercise and drop-foot 
correction. The other unit (referred to as external unit) would expand the two channels 
into x channels of stimulation. The pulse width, frequency and amplitude ranges (in 
specifications C. 1, C. 2 & C. 3) were derived from the existing operation range of the foot- 
drop stimulator at Salisbury District Hospital. The facility for dishabituation pulses was 
aimed at prolonging the period over which electrical stimulation could be used to 
maintain the flexion withdrawal response (i. e. simultaneous hip, knee and dorsi flexion). 
The 160 mA amplitude range in the external unit was envisaged to enable stimulation of 
large muscles (e. g. quadriceps in paraplegic patients). Requirements C. 4 and C. 5 would 
enable an easy set up and daily fitting of the stimulator respectively. Requirement C. 6, 
would allow selection between pre set ranges of the front panel amplitude controls (e. g. 
high scale - amplitude range from 0 to 120 mA, low scale - amplitude range from 0-60 
mA). 
The incorporation of an RS232 link (specification C. 7) would realise communication 
with an IBM compatible PC. This would enable the setting up of the stimulation 
parameters and timing through user-friendly control panels on a PC (specification C8). 
Manual control of these settings, was envisaged to be realised through controls concealed 
from the patient (specification C. 9). The stimulator should also have the capability of 
storing statistical information (e. g. number of steps, time of usage), which could be 
Dishabituation pulses are electrical pulses of high duration (usually in the range from 1 to 5 ms [Granat 
et. al., 1993), used for alleviating the effect of reduced reflex response to repeated stimulation. 
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transferred to, and analysed by a PC (specification C. 10). This would contribute to 
objective evaluation of the stimulator's use. The on-line display of stimulation amplitude 
would act as a feedback to the operator responsible for the setting-up of the stimulator 
(specification C. 10). 
D. SAFETYREQUIREMF. NTS 
D. 1 Amplitude controls to be hidden so that they cannot be accidentally moved. 
D. 2 The RS232 should be opto-isolated, ideally internally. 
D. 3 Incorporation of watchdog circuitry. 
D. 4 Low battery warning. 
D. 5 Connectors to be used; separate connectors for foot switches and stimulation outputs. 
The implementation of specification D. 1 would safeguard against sudden increases in 
stimulation levels resulting from accidental movement of the front panel amplitude 
controls. The incorporation of an internal opto-isolator (specification D. 2) would enable 
the direct connection of the unit to a PC, while offering isolation of the patient from the 
mains. Requirements D. 3 and D. 4 were envisaged to warn the patient should either the 
stimulator entered an erroneous state or the battery is low. The provision of separate 
connectors in specification D. 5, would safeguard against accidental lead 'cross- 
connection' by the patient. 
2.3 REFINEMENTS TO INITIAL SPECIFICATION 
As discussed in the first chapter, the stimulator should be equipped with hardware to 
accommodate the functional requirements of a portable, flexible, user-friendly open-loop 
system, and a portable, intelligent closed-loop system for the gait re-education of 
hemiplegic patients. The initial specification on the other hand, was laid for the 
development of a stimulator to be applied for open-loop control in hemiplegic and 
paraplegic patients. Although useful guidelines regarding the practical clinical application 
of the eventual system could be extracted from this specification, certain modifications 
should be made to enable its compliance with the project's objectives. These, along with 
some conclusions drawn regarding the final design are presented below: 
Refinement to initial specification: 
a. A single PP3 battery should be the main source for powering the stimulator because is 
cheap, portable, readily available, and has been shown to last in FES clinical applications. 
b. Two channels of stimulation should be provided, as these were found to be sufficient 
to, adequately correct hemiplegic gait in clinical applications at the Salisbury District 
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Hospital. The additional unit for expanding the number of channels (specifications A. 6) 
could be omitted, as the stimulator would be applied for correcting hemiplegic, and not 
paraplegic gait. 
c. There are two methods used for evoking muscle contractions; constant current or 
constant voltage. Although the constant current pulses can more accurately define the 
nerve excitability (activation potentials are caused by current intensity not voltage), a 
constant voltage generator- the Orthotron power stage- was selected for providing the 
stimulation, because: 
" it has been evaluated by the research team in Salisbury District Hospital; their foot- 
drop stimulator, being equipped with an Orthotron power stage and having a quiescent 
current consumption of 2 mA, has been successfully applied in the clinical 
environment for the rehabilitation of hemiplegic patients, lasting for at least three days 
without the requirement of recharging the battery. 
" it is simple in design; it consists of a transformer in series with an electrical switch. 
" assuming a constant load, it can deliver rectangular current pulse for a maximum 
period of 300µs. 
" the constant current generators could be dangerous if not handled properly e. g. if the 
electrodes start to 'peel-off, the current will be forced through a smaller electrode area, 
causing an increase in current density that could be dangerous, and most certainly 
painful, to the patient. 
" the transformer offers some isolation between the patient and the stimulator. 
" the reversal of current in the secondary coil after the generation of the pulse, inhibits 
net migration of bodily ions towards the two stimulating electrodes, which could cause 
deterioration of electrodes, and skin irritation. 
d. One disadvantage of the Orthotron power stage was its inability to offer dishabituation 
pulses (specification Cl); dishabituation pulses are stimulation pulses of at least 1 ms 
duration while this power stage could offer pulse widths up to 300µs. However, the use 
of dishabituation pulses in hemiplegic patients is rare. Dishabituation pulses are most 
often used with paraplegic patients to enable maintenance of hip flexion with repeated 
stimulation. Therefore, the non-implementation of this facility would not impair the 
applications of the stimulator. 
e. The stimulator was decided to be microcontroller based. This would enable functional 
flexibility (e. g. the stimulator could provide for open-loop or closed-loop control without 
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any hardware modifications), add intelligence to the circuit, and provide the 
digital/analogue input/output requirements for the development of the closed-loop 
system. Incorporation of additional external RAM (Random Access Memory), in-situ 
PROM (Programmable Read Only Memory), and an RS232 link (specification C. 7), 
would realise a fully programmable unit, that could be programmed remotely from a PC. 
f. The incorporation of eight analogue inputs, and eight bit digital input and output ports, 
were considered to be essential in allowing future connection to feedback sensors (e. g. 
goniometers, foot switches, tilt switches). Also, an additional 5V voltage source could be 
used to provide voltage reference to external sensors/devices (such as goniometer and 
external DACs). However, the provision for more than two analogue outputs (to provide 
amplitude control for the power stages) though advantageous, was not essential. The main 
envisaged application for analogue outputs was to provide amplitude control to 
stimulation channels. As there was no need to expand the number of channels in the 
present application, the incorporation of analogue outputs was not a necessity. Therefore 
it was decided not to implement these in case they were not already incorporated in the 
microcontroller. 
g. The hidden amplitude control requirement in the 'safety' specification D. I was 
contradicting the easy accessibility implied in the 'control' specification C. 4. It was 
decided that the implementation of the second was of more importance. 
h. The internally build opto-isolator (for the RS232 link) requirement (specification D. 2), 
would be too space consuming to implement. Alternatively, an existing external opto- 
isolator unit could be used (provided by the University). 
i. An additional external +10V source input could be useful, as this would allow power 
input from alternative sources (e. g. the stimulator could draw power from the external 
opto-isolator unit). 
j. Audio feedback was considered to be an essential safety requirement for warning the 
patient against: 
" low battery; the warning should be activated before the circuit goes down, in order to 
give time for the patient to respond accordingly (e. g. sit down). 
" accidental high input from the front panel controls during switching on of the 
stimulator, or changing mode (e. g. from foot-drop to exercise); this, in addition to a 
temporary pause in operation until the amplitude controls are reduced to their 
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minimum values, would prevent excessive stimulation (which could be painful) being 
applied on the patient during these conditions. 
In addition, as discussed in the introduction chapter, the audio output could be used as 
biofeedback to the patient (i. e. give 'warning' /'reward' signals -see section 1.7.5) 
k. It was decided not to implement the in-situ charging of the battery (specification A. 5), 
because the connection of the stimulator to the mains would require some extra safety 
provisions to be taken, such as earthing of the front panel and provision against charging 
the battery while the stimulation leads are connected to the stimulator. The additional 
complexity could not be justified, as most patients can easily perform the task of 
replacing the batteries and putting them overnight on an external charger. 
1. As the stimulator was envisaged to be set-up by user-friendly front panels on a PC, the 
requirement for concealed from the patient controls (specification C. 9) was considered 
too space consuming for its benefits. 
m. Special circuitry for ensuring safe power up and shut down should be provided, to 
avoid any erroneous stimulation, or read/write cycles to the microcontroller's peripheral 
memories during switching on/off of the stimulator. 
n. The requirement for user-friendly PC software was omitted from the development of 
the stimulator's hardware specification, as the envisaged implementation of this was 
through high level programming on a PC. 
o. The circuit should first be developed in conventional technology, tested, and then be 
implemented using surface mount technology to reduce the size of the unit (some 
components would be employed in conventional size, mainly to allow easy replacement). 
p. Selection between more than two modes would be useful, because it would allow the 
patient to manually select between different parameters/timings (e. g. frequency and 
ramping times) and programs (e. g. synchronous/asynchronous exercise and foot drop). In 
addition, different modes could be employed in realising the software adjustments in 
amplitude controls stated in specification C. 6. Considering these, it was estimated that an 
external selection between ten modes would be adequate. 
q. The requirement for input/outputs to be connected on the front of the stimulator 
(specification C. 5) could not be implemented, as the front panel (containing the 
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amplitude and the mode selector controls) would not have space for these. Instead, it was 
decided to implement these on the back of the stimulator. 
r. The stimulator should comply with the general (BS 5724 Part 1) and particular for 
nerve and muscle stimulator (BS 5724 , Part 2- 
Section 2.10) safety requirements as 
stated by the British Standard Institution. 
The formulation of the final specification for the stimulator was the result of the above 
refinements, and is presented below: 
Final Specification: 
A. GENERAL REQUIREMENTS 
Al Ideally less than 2 mA quiescent current consumption; Standard, low cost and low 
power consumption components should be used. 
A. 2 Power source- PP3 battery. 
A. 3 Two channels of stimulation using standard Orthotron power stages ( section 2.3, c). 
A. 4 The stimulator should be microcontroller based, equipped with external RAM and in 
situ PROM (section 2.3, e). 
AS Size of box; not much bigger than present unit 95 x 60 x 26 mm. 
A. 6 Technology to be used; surface mount/conventional. 
A. 7 Cost of components to be less than £100 - preferably less than £50. 
A. 8 The stimulator should comply with the safety requirements as stated by the British 
Standards Institution (section 2.3, r). 
The above requirements, with the exceptions of A. 3, A. 4 and A. 8, were derived from the 
characteristics of the existing foot-drop stimulator at Salisbury. 
B. INPUT I OUTPUT REQ UIREMENTS 
B. 1. Inputs - eight analogue, and one eight-bit digital port ( section 2.3, f). 
B. 2. Outputs - two stimulation channels, stimulation LED indicators, bleeper, and 
analogue (if incorporated in the microcontroller), and one eight-bit digital port (section 
2.3, f). LEDs should be pulsed and follow stimulation envelopes (initial specification 
B. 2). 
B. 3 A5V output reference voltage source (section 2.3, f) 
B. 4 External D. C. power input (other than the battery- section 2.3, I). 
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C. CONTROL 
C. 1 PW range: 0-300 µs. 
C. 2 Frequency range: 2-100 Hz. 
C. 3 Amplitude range: 0-120 mA. 
C. 4 Adjustable parameter selection and timing of the stimulation envelopes. 
C. 5 Manual control of amplitude, through front panel pots. 
C. 6. Provision of external selection between more than ten modes ( section 2.3, p). 
C. 7 Incorporation of RS232 link. 
C. 8 Ability to remotely set up the stimulating parameters (amplitude, frequency, pulse 
width, timing) through a PC. 
C. 9 Recording of usage (time and steps). 
With the exception of specification C. 6, the justification of the above requirements has 
already been presented in the initial specification section. 
D. SAFETY REQUIREMENTS 
D. 1 Watchdog circuitry. 
D. 2 Connectors to be used; separate connectors for foot switches and stimulation outputs. 
D. 3 Low battery and high controls' values warnings included (section 2.3, j). 
D. 4 Safe initiation/termination of stimulation parameters (section 2.3, m). 
Having determined the stimulator's requirements, and since the power stage's design was 
known, the attention was directed at establishing the structure of the accompanied 
hardware required to control the stimulus pattern. The considerations and subsequent 
decisions involved in doing this, are presented in the following sections. 
2.4 SELECTION OF MICROCONTROLLER 
One of the most challenging tasks in the stimulator's design, was the selection of the 
microcontroller. The incorporated functional features of the latter would dictate the 
overall structure of the eventual design. Therefore, selecting a suitable microcontroller 
was of critical importance. To facilitate this, a specification for the microcontroller was 
formulated, and is presented below : 
Microcontroller's specification: 
a. Low power consumption; ideally less than 2 mA, to comply with specification A. 1. 
b. Incorporation of some internal RAM and erasable PROM to enable easy modifications 
to operating software. 
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c. Ability to accommodate external memory (specification A. 4) 
d. In-built Analogue to Digital Converters (ADC) and Digital to Analogue Converters 
(ADC), to realise the analogue input and output requirements respectively. In addition, it 
should be equipped with adequate input/output ports to enable control of the circuit and 
provision for the digital input/output requirements. 
e. Incorporation of a 'sleep' mode (in this mode the microcontroller enters a state of 
inactiveness, drawing a fraction of the typical quiescent current). 
f. Ability to communicate with a PC via an RS232 link (specification C. 7) 
g. C-compiler and assembler accessory software should be readily available for enabling 
programming in high level and low level languages respectively. 
h. Low cost. 
As little information could be gathered from literature regarding microcontrollers' 
applications in transcutaneous stimulators, the selection of a microcontroller was 
accomplished by examining the characteristics of commercially available 
microcontrollers. The main families of microcontrollers investigated are listed below: 
1. The 68HC family from Motorolla. 
2. The H8/532 family from Hitachi. 
3. The 80C51/49,83C552/652 families from Philips. 
4. The PIC series from Arizona Microchip. 
The first three families of microcontrollers, incorporated a wide collection of features, 
qualifying them in terms of functional capability. However, this was achieved in the 
expense of unacceptably high power consumption (typical quiescent currents ranged from 
10 - 30 mA). As low power consumption was imperative, these microcontroller families 
had to be excluded from the application. 
The PIC series of microcontrollers offered the lowest power consumption from the choice 
list, and were available at reasonable prices. Furthermore, the in-build 'Sleep' mode 
facility could be exploited to further reduce the power consumption. However, no single 
PIC microcontroller could provide for all the stated functions in the specification. So it 
was decided to employ two microcontrollers with complementary functions, which would 
synchronise their actions through a communication link. More specifically the two 
microcontrollers selected were the 16C71 and 17C42. The 16C71 would mainly provide 
the Analogue to Digital Converters while the 17C42 would provide for access to external 
memory and serial asynchronous communication with a PC. The digital ports of the two 
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microcontrollers in combination would contribute to the control of the peripheral 
circuitry and the digital input/output requirements. 
The employment of two microcontrollers could be exploited to divide the stimulator 
circuitry between two circuit boards (each incorporating its own microcontroller), thereby 
realising a modular design (see figure 2.1); the base board (equipped with the 16C71) 
could be used for simple foot-drop/exercise control, while its connection to the top board 
(incorporating the 17C42) would add the memory and intelligence required for the 
realisation of the project objectives (i. e. development of portable open-loop and closed- 
loop systems). In this way, a more aesthetic unit would be used for simple foot- 
drop/exercise applications. Such modular design would also simplify future hardware 
developments i. e. an expansion in the number of channels could be implemented by only 
modifying the base board design; the same top board could be used to control the 
stimulation patterns and combinations. 
One of the main disadvantages in employing these two microcontrollers, was their lack of 
an in-built Digital to Analogue Converter (DAC); an external DAC would be required to 
provide amplitude control for the power stages. Also, after some preliminary 
considerations, it was concluded that there were not enough digital ports to accommodate 
the control signals', and digital input / output requirements. External decoders and 
demultiplexers would be required. Although the PIC microcontrollers could not satisfy 
the whole range of functional requirements, they were considered to be suitable for this 
application, as their quiescent current consumption was much less than in other families 
of microcontrollers investigated. Their functional deficiencies would be compensated by 
external circuitry as illustrated in the hardware block diagram of the two boards in figure 
2.1. 
The frequency of the 16C71's operation was set at 4 MHz, a compromise between 
quiescent current consumption (<2 mA) and resolution of stimulating pulse width (3 µs). 
The latter, was calculated from the number of software instructions required to produce a 
digital pulse, and the time it takes for the microcontroller to execute each instruction 
The frequency of operation of the 17C42 was decided at 2.4576 MHz, a compromise 
between current consumption (3mA), speed of operation, and the percentage error at 
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Figure 2.1 Block Diagram of stimulator: The stimulator's hardware are divided into two boards. 
The bottom board is equipped with the required hardware to allow independent operation, offering 
simple foot-drop / exercise control. Its connection to the top board, which can be visualised as a 
microcomputer system, realises a more intelligent and flexible unit. 
standard baud rates available in asynchronous communication i. e. the 17C42 's baud rate 
is calculated using the equation below: 
Baud rate = 
fosc 
{Eqn. 2.1) 
64 x(X+1) 
where, fosc is the oscillator's frequency, and 
X is a value written in a 17C42's register. 
For the above oscillator frequency (2.4576 MHz), and an X value of 1, the baud rate is 
19,200 bits/sec, which is a standard baud rate (therefore the percentage error is zero). 
In light of the above calculations relating to the quiescent current consumption, it was 
obvious that the maximum of 2 mA current consumption requirement (specification A. 1) 
could not be met. The quiescent current consumption of the circuit was estimated to be 
around 7 mA (2 mA from 16C71 +3 mA from 17C42 +2 mA from peripheral circuitry). 
However, given that the patient could charge the PP3 batteries overnight, one day 
operation without recharging would be considered acceptable; the stimulator would be 
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used during the day, while during the night, the battery would charge up. This would be 
allowed with the existing design. 
An additional deviation from the specification, was the inability to meet the stimulator's 
size requirements (specification A. 5). It was estimated that the base board would be fitted 
into a box of dimensions 70 x 30 x110 mm (standard box from RS catalogue), while the 
full size unit would have dimensions of 70 x 42 x110 mm. However, it was envisaged 
that the flexibility of the stimulator would override it's increased dimensions in terms of 
patient acceptance. 
The next sections (section 2.5 and 2.6) will concentrate on the design and implementation 
of the stimulator. The stimulator's circuit diagram is divided in four figures (figures 2.13 
- 2.16) which are found at the end of this chapter. The top section of figure 2.13, figure 
2.14, and figure 2.15, describe the implementation of the base board, while the bottom 
section of figure 2.13, and figure 2.16, describe the implementation of the top board. The 
description of the connections between these four figures, is found in figure 2.17. It is 
noted, that for practical reasons, the base board components in figure 2.13 are numbered 
starting from 200 (e. g. a resistor would be labelled as R201 instead of RI), and the 
components (which again belong to the bottom board) in figure 2.15 are numbered 
starting from 100 (e. g. a resistor would be labelled as R101 instead of RI). 
The stimulator's description will be based on the block diagram in figure 2.1. Once one of 
these blocks is selected for discussion, the corresponding components in the 
corresponding figure, will be described in the order from left to right. 
2.5 DEVELOPMENT OF BASE BOARD 
Having decided on the division of circuitry between base and top boards, it was 
imperative to keep all the necessary circuitry for independent exercise/simple foot-drop 
control operation within the base board. The functions to be performed by the base board 
(see also figure 2.1) were: 
a. Voltage regulation and circuitry to enable safe power up / down (i. e. reset circuitry). 
b. A five volt reference output. 
c. Provision for eight analogue inputs. 
d. Ten mode external selection. 
e. Two channel, low power, digital to analogue conversion. 
f. Two channel stimulation output from a power stage. 
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Each of the these functions is further elaborated in the following subsections. The order in 
which they are described is based on the layout of the components in the figures stated 
within each section. 
2.5.1 VOLTAGE REGULATION AND RESET CIRCUITRY, AND +5 V 
REFERENCE OUTPUT 
(refer to top section offigure 2.13 unless otherwise specified) 
The battery (BA1) is mechanically connected to the circuit through two in parallel 
switches (SWI, and SW2) situated on the front panel of the stimulator. Alternatively, 
power can be drawn from an external +10V source; transistor MT201 offers electrical 
isolation of the PP3 battery from the circuit once an external source is connected: the 
transistor's gate voltage is raised to the external's source voltage via resistor R201, thus 
switching off the transistor. Resistor R212 limits the allowable current drawn by the 
circuit. Diode 201, prevents the back flow of current from the battery to the R201 resistor, 
in case of no external voltage source being connected. Resistors R208 and R209, are 
arranged in a potential divider configuration, to provide feedback to the stimulator 
relating to the input voltage status. 
The five volt reference output was implemented using a standard regulator, ZRA500. 
R205 and C204 ensure a source current of 300 µA. 
The MAX667 (IC 201) was selected for realising the voltage regulation from the PP3 
battery's nominal voltage of 8.4 Volts, to the 5 Volts rail required by the logic circuitry, 
because of its: 
a. low input quiescent current (20 µA), 
b. low drop voltage between the input and output voltage (150 mV), 
c. high source current capability (250 mA), 
d. low input voltage detection output. 
The input voltage to the MAX667 is stabilised by capacitor C202. Any possible back flow 
of current from the MAX667 to the power stage (connection TF1) during pulse 
generation, is prevented by diode D202. The values of resistors R206 and R207 were 
chosen so as to cause the activation of a 'low power' signal (asserted by the LBO pin in 
MAX667) in the stimulator's circuit, should the input voltage (at pin 8 of the MAX667) 
drop below 5.7 Volts (corresponding battery voltage-7V). Capacitor C201 reduces the 
ripple in the +8.4 Volt rail, caused by high current surges during the generation of 
stimulating pulses. Capacitor C203 ensures a stable 5 Volt rail as well as sufficient time 
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before the reset signal is activated, for the circuit to safely shut down after the power has 
been removed 
The reset signal to the circuit is generated by MAX1232 (IC7 - top left in figure 2.14) 
either when the VCC rail sinks below 4.5 Volts, or the strobe pin (SIR - activated through 
the decoder-refer to table 2.1) does not change state within 250 ms. The latter acts as a 
watchdog in the circuit, ensuring that should the 16C71 microcontroller enter an 
undefined state (and hence is unable to change the state of the strobe line) the reset signal 
would be asserted. 
2.5.2 ANALOGUE INPUTS 
(refer to figure 2.14 unless otherwise specified) 
Because of the limited digital and analogue port capacity in the 16C71 (IC 1), additional 
external circuitry was required to optimise the ports usage. Towards this end, an 8 to 1 
analogue demultiplexer (IC4) for reading the eight analogue inputs, a decoder (IC 3) for 
asserting control signals, and a digital demultiplexer (IC 2) for reading the external mode, 
were employed. The operation of these ICs, was controlled by the 16C71 (IC 1). 
The 16C71' operations are synchronised through a clock derived from the XTAL 
oscillator (XTAL 1), and its peripheral capacitors (Cl and C2). Possible erroneous states 
in the microcontroller during power up/down are avoided by a RESET line (active low, 
connected to RS\ pin), which is asserted by the MAX1232 (IC 7). The 16C71 is equipped 
with two ports, Port A, and Port B. Their pin configurations are depicted in Figures 2.2, 
and 2.3. 
RA 4 RA 3 RA 2 RA 1 RA 0 
ANDEM EN DIN 3 DIN 2 DIN 1 AN IN 
Figure 2.2 Port A configuration: The upper row depicts the pin number, while the bottom row 
depicts the corresponding pin's function in the circuit. Through the AN IN pin, I6C7I receives an analogue 
input, and performs the Analogue to Digital Conversion (ADC). The DIN 1-3 inputs read the value from 
the external mode selector. The ANDEM EN output, enables the Analogue Demultiplexer (IC 4). 
RB 7 M6 RB5 RB-4 RB3 RB2 RB1 RB0 
CHANA CHANB DEC EN ADDR 3 ADDR 2 ADDR 1 DAT CLK 
Figure 2.3 Port B configuration: The upper row depicts the pin number, while the bottom row 
depicts the corresponding pin's function in the circuit. The CLK and DAT pins are employed in the 
synchronous communication between the bottom and top board (see section 2.6.2). ADDR 1-3 are used for 
selecting either the analogue input if the analogue demultiplexer (IC 4) is selected, or which decoder (IC3) 
output to be activated, if the decoder is enabled through the DEC_EN (RB 5) pin. CHANA and CHANB 
generate the digital pulses, which after multiplication with an analogue signal, are delivered to the power 
stage for amplification (see also figure 2.5). 
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Eight analogue inputs are read one at a time, through the analogue demultiplexer (IC 4). 
The latter is enabled through the ANDEM_EN line, and the analogue inputs selected 
through ADDR 1-3 (figure 2.2). The analogue inputs are allocated as follows: 
Analogue input 1- Reads the power state (through resistors R208 and R209 in figure 
2.13) 
Analogue inputs 2 and 3- read the state of the front panel amplitude controls. These act 
as two in parallel switches initially (S1 and S2-see figure 2.13), and after the stimulator is 
switched on, act as variables resistors (VR1, and VR2 - mid-top side of figure 2.14 ), their 
output being stabilised through capacitors C3 and C4. 
Analogue inputs 4-8 are reserved for reading external analogue sensors (e. g. goniometers 
and foot switches) 
A two to one digital demultiplexer (IC 2) is also required to enable the reading of the four 
digital lines asserted by the ten mode hexadecimal encoder (ENCODER), by the two 
input pins on the 16C71, DIN 1 and DIN 2 (figure 2.2). Note that two pads, being pulled 
high by R15 and R16, provide for an extra two external digital input lines, which are 
demultiplexed and fed into pin DIN3. The demultiplexing control signal, SELECT (see 
description of decoder below), is asserted by the decoder (IC3). The hexadecimal encoder 
is situated on the front panel of the stimulator, and allows selection between ten modes. 
The four outputs of the hexadecimal encoder (ENCODER) are pulled low through 
resistors R2-5. 
PORT B OUTPUT 
DEC EN ADDR 1 ADDR 2 ADDR 3 DECODER OUTPUT 
1 0 0 0 STROBE line (Y 0) 
1 0 0 1 PULSE (Y1) 
1 0 1 0 PPRS (Y2) 
1 0 1 1 SELECT (Y3) 
1 1 0 0 DAC PULSE (Y4) 
1 1 0 1 SAMPLEI (Y5) 
1 1 1 0 SAMPLE2 (Y6) 
1 1 1 1 RESET DAC (Y7) 
Table 2.1. Function of decoder: The text in brackets corresponds to the pin configuration of the 
decoder (IC3 in figure 2.14). STROBE line is connected to the MAX1232 and prevents the latter from 
driving the circuit into RESET by changing state at regular intervals. The PULSE line is fed to the top 
board, and activates whenever a pulse is generated. The PRRS drives the top board into reset, should the 
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16C71 detect inconsistencies in the 17C42's operation. The SELECT line controls the operation of the 
demultiplexer (IC2). The rest of the lines are used by the DACs (described in next section). 
Most of the control signals required by the two boards, are generated by the decoder (IC 
3). The functional description of the decoder is presented in table 2.1, and will be referred 
to throughout the rest of this chapter. 
2.5.3 TWO CHANNEL DIGITAL TO ANALOGUE CONVERTER (DAC) 
(refer to figure 2.15 unless otherwise specified) 
Two DAC channels were required to provide amplitude control of the output stimulation 
pulses. As discussed in section 2.4, since the microcontrollers did not provide on-board 
DACs, an external circuitry was required. However, after investigation, it was concluded 
that commercially available digital to analogue converters could not be employed because 
of their high power consumption and requirement of at least eight digital inputs. So it was 
decided to develop a two channel DAC using discrete components. Having considered the 
switching characteristics of transistors PM I, PM2 in the power stage (see also figure 2.6), 
the DACs' specification was formulated as follows: 
Specification for DACs: 
1. Low power consumption and availability of components in surface mount. 
2. The circuit should be powered from either the positive Vcc or Vdd power rails (only 
positive rails are provided in the circuit). 
3. Use no extra digital lines from the 16C71's ports (having the overall design in mind, no 
extra port lines were available). 
4. Linearity within the region of 1.5 to 3 volts output (derived after considering the 
PM 1(2) switching characteristics). 
Requirements I and 2 were satisfied by the selection of the TLC1079 amplifier (IC 5); its 
quiescent current consumption was -40 µA, and could be powered from single positive 
voltage rails. The third requirement was satisfied by using a single line (supplied by the 
decoder -DAC_PULSE line) to provide a digital pulse, the width of which was 
proportional to the amplitude required. This was used to activate a ramp (see figure 2.4). 
The peak of the ramp was sampled to produce the analogue output for each channel. 
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Figure 2.4. Block diagram of Digital to Analogue Converter. 
The linearity was set at 99% by the values of RI 1 and C5, and the maximum pulse width 
in the DAC_PULSE signal (which was constrained by software to 0.765 ms). This ramp 
was amplified by a factor of 38 (by resistors R9 and RIO), to produce a maximum range 
of 3.5 V, and sweep rate of 5.2 Volts/ms. The electrical switch IC 6, was employed in 
connecting the output of the ramp to the 'hold' capacitors (C6 for channel 1, and C7 for 
channel 2). These are safeguarded against excessive current surges by resistors R13, and 
R14. The analogue outputs are buffered (IC 5) in order to improve the 'hold' function of 
the capacitors (C6 and C7). The ramp was reset through the activation of the electrical 
switch (IC6); its activation was evoked by the RESET DAC line (from the decoder). 
Resistor R12, safeguarded against excessive currents passing through the electrical switch 
(IC 6). 
2.5.4 POWER STAGE 
(refer to figure 2.1 S unless otherwise specified) 
The analogue output from the DACs, after being multiplied with the corresponding digital 
pulses generated by the 16C71 (CHANA or CHANB), are presented to the power stage 
for amplification, and to the LEDs circuitry (figure 2.5). The latter provides a visual 
feedback to the user relating to the intensity and frequency of stimulation. 
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Digital Amplitude RESET 
(DAC_PULSE) 
Analogue Pulse with 
Amplitude adjusted amplitude 
DAC X 
POWER 
STAGE 
LED 
Digital 
Pulse 
Stimulation 
Pulse 
Figure 2.5. Block diagram of hardware for generating the stimulating pulses: 
Only the circuitry for one channel is illustrated. The other channel's circuitry is a replica of this. 
For clarity, only the circuitry for channel A is described, as channel's B circuitry is ä 
replica of A (refer to top section of figure 2.15). The analogue output from the DAC is 
buffered by amplifier LM324 (IC 101). It is then multiplied by the digital pulse (CHAN 
A- active low) from the 16C71 through transistor BT103 (and its peripheral circuitry, 
resistors R101 and R102); an active low pulse from CHAN A, switches off BT103, 
thereby allowing the analogue output to be fed to the power stage. When CHAN A is 
high, BT103 switches on, pulling the buffered analogue output low. Links 2,3 and 4 allow 
selection between the regulated 5V and the battery rails. The output of the multiplier is 
actively forced to earth (through MT101, MT102) whenever the circuit reset line is 
activated, as a safety precaution against erroneous generation of stimulating pulses during 
power up/down. If the analogue output is allowed to pass through (i. e. the RESET signal 
is deactivated, and the CHAN A line is low), is subsequently buffered by the LM324 
amplifier (IC 101) and delivered to the Orthotron power stage and LEDs circuitry. The 
LED circuitry employs a bipolar transistor (BT 101), to regulate the current passing 
through the LED (L101), according to the value of the analogue output. Resistors R105 
and R112 ensure operation of the transistor within its linear region. The analogue output 
is also directed towards the Orthotron power stage, which consists of a power transistor 
and a transformer (PM 1 and TR101). The switching characteristics of the transistor, 
controlled by the voltage presented at its gate, control the rate of current flow in the 
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primary coil of the transformer, and hence the amplitude of the induced output stimulating 
pulse on the secondary coil. Diode D102, safeguards against excessive voltages being 
applied on the switching transistor after the pulse is terminated, by sustaining circulation of 
current through the primary coil. 
The transformer selected was the LT700 supplied by MAPLIN', because it was of low 
cost, small size (compatibility to printed circuit board design) and proved to work reliably 
in clinical applications (this transformer was used in the Salisbury's foot-drop stimulator). 
With regards to the implementation of the electronic power switch, two main ways were 
considered: using the Darlington bipolar pair (this is the arrangement in the present 
Salisbury's stimulator), or a MOSFET power transistor. The latter was preferred, as it used 
only one transistor. The selection between different types of MOSFETs was based on: 
" the maximum currents they could withstand; it was estimated that currents in the 
range of 1-2 Amps (derived from the full load characteristics of the transformer) are 
passing through the transistor during the maximum of 300 µs pulse. The transistors 
should withstand these currents within this period. 
" their switching linearity i. e. it was required for the voltage across the transistor to 
vary linearly with the gate voltage. 
120 
100 
0 
80 
CD aº 
60 
0 
3 40 
CL .r 
0 20 
0 
Demand voltage (Volts) 
BUK555-100 
BUK555-60 
F15NO6L 
-F1210L 
BUK553-100 
BUK553-60;, 
Figure 2.6. Output voltage v Demand voltage for Orthotron Power Stage 
' Maplin Professional Services (MPS) Electronics, P. O. BOX 777, Rayleigh, Essex, U. K. 
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The BUK553-60 MOSFET transistor could meet the first requirement, but could only 
satisfy linearity within a specific gate voltage band. Nevertheless, it offered the most 
linear switching characteristics compared to other standard power transistors considered 
(BUK555-100, BUK555-60, BUK553-100, F15N06 and F1210L). The characteristics of 
the BUK553-60 as compared to other transistors are illustrated in figure 2.6. 
The power stage was tested using a IkOhm in parallel with a 100 nF load (thus simulating 
body impedance [Campbell, 1982]). The voltage and current shapes of a 300 µs output 
pulse, are depicted in figures 2.7 and 2.8 respectively. 
50 
40 
30 
Z 
v ep 
20 
Co 
a 10 
0 
0 
-10 
Time (microseconds) 
Figure 2.7. Stimulating voltage pulse : The signal has been captured through a digital 
oscilloscope. The amplitude of the pulse represents a common stimulation level for foot-drop correction 
applications. 
0.10 
0.08 
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0 0.00 
-0.02 
Time (microseconds) 
Figure 2.8 Current Stimulating Pulse: The signal has been captured through a digital 
oscilloscope. This figures depicts the flow of current through a lkOhm//100 nF load, when the voltage 
depicted in figure 2.7 is applied. The current has been deducted from the voltage level across aI Ohm load, 
arranged in series with the load. 
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Although the shape of the voltage pulse is not rectangular, it does not pose any drawback 
for nerve stimulation because is the current waveform that defines nerve excitability, and 
not voltage; as shown in figure 2.8, the rectangular shape is preserved in the current 
waveform. 
2.6 DEVELOPMENT OF TOP BOARD 
(refer to figure 2.16 unless other wise specified) 
As previously discussed, the top board's hardware should allow for: 
" communication with the base board and a PC, 
" eight bit digital input, 
" in-situ programmability, 
" eight bit digital output, 
9 audio alarm. 
The control of the above functions, is realised by the 17C42 (IC 1). The 17C42's 
operations are synchronised through a 2.4576 MHz clock, derived from a crystal oscillator 
and its peripheral capacitors (XTAL1, Cl and C2). The microcontroller can be forced into 
reset through the RS (Reset) signal generated by the MAX1232 (active high-see IC 7 in 
figure 2.14), or through the PRRS (Processor Reset) signal originating from the decoder 
on the bottom board (table 2.1). The latter provides a means for the bottom board to force 
the top board into reset, if it detects inconsistencies in the information it receives via the 
communication link. The PRRS and RS signals are 'NORed' by IC 11, and the output is 
presented to the 17C42, and the rest of the circuit. 
The 17C42 is equipped with four digital ports. The pin configurations of Port A and Port 
B are depicted in figures 2.9 and 2.10 respectively. 
RA 5 RA 4 RA 3 RA 2 RA 1 RA O 
CM2 CM! NU NU PULSE PWDN\ 
Figure 2.9 Port A configuration: The upper row depicts the pin number, while the bottom row 
depicts the corresponding pin's function in the circuit. The PWDN\ (Power Down- active low) originates 
from the MAX667 (IC 201 figure 2.13), and is asserted when the battery's voltage drop below a certain 
threshold (see section 2.5.1). This scheme allows some time for the 17C42 to save important information, 
before the reset signal is activated. The PULSE signal (activated by the decoder -see Table 2.1) is asserted 
by the bottom board whenever a pulse occurs; this safeguards against misinterpretation of the dipping in the 
voltage line whenever a pulse occurs, with a low voltage battery signal as detected through the PWDN\ 
line. Pins RB 2 and RB 3 are not used (NU); they can be forced to Vcc or Ground through Links 2 and 3. 
CMI and CM2 are the communication lines, used both for asynchronous and synchronous communication. 
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RB 7 RB6 RB5 RB4 RB3 RB2 RB 1 RB 0 
D14 D13 DI2 DIP1 PWM2 PWM1 DI SEL CM SEL 
Figure 2.10 Fort B Configuration: The upper row depicts the pin number, while the bottom row 
depicts the corresponding pin's function in the circuit. CM SEL (Communication Select) allows selection 
between asynchronous and synchronous communication. DI SEL (Digital Input Select) controls the digital 
input demultiplexing. PWM I&2 are Pulse Width Modulation outputs. DI 1-4 (Digital Inputs) read the 
demultiplexed digital input value. 
Ports C and D, provide the low and high bytes in the address/data bus respectively; the 
latter is used for accessing external memory. The ALE (Address Latch Enable) controls 
the demultiplexing of the address and data on the above bus. WR\ and OE\ lines control 
the write and read cycles respectively. 
The 17C42's peripheral circuitry and the considerations/decisions taken in implementing 
the functions of the top board (listed at the beginning of this chapter) will be discussed 
next. 
2.6.1 DIGITAL INPUT AND AUDIO ALARM 
A digital demultiplexer (IC6) is employed for demultiplexing the 8 bit digital input into 
the higher four digital input lines (DI 1-4 ) in the 17C42's port B. The demultiplexing is 
controlled by the DI_SEL line. The 8 bit digital input is pulled-up to the positive voltage 
rail (RN 1), to safeguard against excessive current surges caused by floating inputs 
(characteristic problem in CMOS technology). 
One of the Pulse Width Modulation outputs (PWM 1) is used for providing a signal of 
variable duty cycle and pulsewidth to the buzzer (refer to the bottom of figure 2.13). A 
bipolar transistor (BT 1), with its associated peripheral resistors (RIO and RII), is 
employed in driving the buzzer (BZ 1). Different combinations of duty cycle and 
pulsewidth are translated to different audio outputs by the buzzer. 
2.6.2 COMMUNICATION WITH THE BASE BOARD AND PC 
The 17C42 is equipped with a serial port, able to operate either in full-duplex 
asynchronous or half-duplex synchronous mode. The asynchronous mode is used for 
implementing communication with a PC, via the TX (transmit) and RX (receive) lines in 
the standard RS232 link. The transfer of data between the two boards is realised by 
synchronous communication through two lines; the CLOCK and DATA lines. The 17C42 
, being in the synchronous mode, provides the synchronising clock for the transfer of data. 
It is noted that the 16C71, not being equipped with a serial port, uses software routines to 
simulate one by supervising the actions of standard digital input/output pins. The 17C42 
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acts as a master, selecting communication with either the bottom board or the PC, through 
an analogue multiplexer/demultiplexer (IC 3). The selection between the two modes of 
communication is realised through the CM SEL line (figure 2.10). A more detailed 
description of the protocols involved is presented in the next chapter. 
2.6.3 PROGRAMMABILITY 
The stimulator was envisaged to have the ability to be programmed on-line by a PC, and 
log data (such as number of steps and time of stimulation). This implied the requirement 
of a non-volatile, in-situ programmable memory (ROM), being fitted in the external 
address space of the 17C42 (the 17C42 allows for 62K bytes of external address space). 
An operating program stored in the EEPROM of the 17C42 would manage the transfer of 
programs/data from the PC to the external ROM. 
In addition, an external RAM would be required to enable the temporary storage of data. 
The RAM would be of significant importance, if it was decided to reduce the duty cycle 
of the top board (in order to reduce power consumption) by forcing the 17C42 into the 
'SLEEP' mode. In such case, the temporary storage of program parameters in the RAM 
would be essential for successfully resuming operation after the 'awakening' of the 17C42. 
The considerations in formulating the specification for, and selecting the programmable 
ROM and RAM are presented below. 
Programmable ROM specification 
A. 1 Low power consumption (average current/sec < 0.3 mA), and availability both in 
conventional and surface mount technology 
A. 2 Ability for in-situ programmability. Fast read / write cycles to enable compatibility 
with the operating speed of the 17C42 
A. 3 16k x 16 of address space to accommodate complex multi-modal control algorithms 
for a future closed-loop system. 
A. 4 Safeguard against erroneous write cycles during power up/down. 
The low standby current, large memory space, high speed and the in-situ programmability 
offered by the HN58C256 series of EEPROMs enabled their selection amongst other 
programmable memory families (e. g. EEPROMs, FLASH PROMs and Serial 
EEPROMs). However, this memory failed to comply with the 16k x 16 memory space 
requirement. Instead, the memory cells were organised in a 32K x8 arrangement. 
Furthermore, the active power consumption was unacceptably high (30mA on 100% duty 
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cycle). It was therefore decided to employ a low power consumption 16 bit wide RAM to 
act as a sort of cashe memory. In this way, programs could be downloaded from a PC and 
stored in the 8 bit width EEPROM, and when required, be transferred to, and executed 
from the 16 bit RAM. Along these lines, the formulation of the specification and selection 
of the RAM was performed 
RAM specification: 
A. 1 Low power consumption (average current/sec < 0.3 mA), and availability both in 
conventional and surface mount technology 
A. 2 Fast read / write cycles to enable compatibility with the operating speed of the 17C42 
A. 3 8k x 16 of address space to provide for accommodation of programming code, and 
temporary data storage. 
The HM6264 series of RAMs could meet all but the 16 bit width requirement. So it was 
decided, to employ two in parallel RAMs. 
Having selected the components, the 64K address space of the 17C42 was partitioned as 
depicted in figure 2.11. 
32k - External EEPROM 
16k - Reserved for Digital Output 
8k - External RAMs 
6k - Unused 
2k -17C42's Internal Memory 
Figure 2.11. Memory Map 
64 k ADDRESS SPACE 
PROVIDED BY 17C42 
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The digital output, could very conveniently be implemented through the insertion of a 
latch register in the unused memory space (see memory map). The address range through 
which the latch would respond was determined after decoding considerations, which 
along with a more detailed description of the circuit, is presented below. 
Two latches (IC 4 and IC 5), controlled by the inverted ALE (Address Latch Enable) 
signal, enabled the demultiplexing of the address/data bus. The ALE signal was inverted 
using a NOR gate (IC 11). Resistor RI, ensured low ALE signal, during power up/down. 
The higher three address, are fed to the decoder (IC 7) to enable selection between the 
RAMs (IC 9 and IC 10), and the digital output latch (IC 2). The inverted highest address 
line (A 16) is used for EEPROM (IC 8) selection. 
The safeguard against erroneous write cycles during power up/down was realised through 
additional circuitry controlling the power fed into the EEPROM according to the RESET 
signal's state (refer to the right, bottom of figure 2.13). When the RS\ (Reset signal-active 
low) is activated, bipolar transistor (BT2) is switched on, thus turning off the p-channel 
MOSFET (MT2), disconnecting power from the EEPROM. When the RS\ goes high, BT2 
is turned off, turning on MT2, thus feeding power to the EEPROM. In this way, it was 
ensured that during power up/down (i. e. when the RESET signal is active), the EEPROM 
is not powered. 
2.7 CONCLUDING REMARKS 
The stimulator was first developed using conventional technology on a strip board. It was 
found to have a quiescent current consumption of 6 mA. The PP3 batteries could provide 
a 40 Hz stimulation in both channels, at full amplitude into a 1kOhm//100nF load, for 6 
hours. It should be noted however, that the above testing conditions would not be 
reflected in practical applications of the stimulator, since it is not likely that both channels 
would operate concurrently and continuously at full amplitude. Practical applications of 
the stimulator would allow operation for at least one day. 
It was also noticed, that the concurrent generation of stimulating pulses in both channels, 
could cause a maximum of 10% drop in both channels' amplitude . This was due to the 
dip in the power line, caused by the huge current surges during the pulses' generation. 
However, this problem could be overcome in software, by interleaving the pulses of the 
two channels. 
An additional problem, was the non-linear relationship between the amplitudes of the 
external control pots, and the output stimulating pulses, caused by the non-linear 
switching characteristics of the power MOSFETs (PM1 and PM2 in figure 2.15). This, 
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could also be overcome in software, by using mapping techniques between external 
control values and output stimulating pulses. 
The implementation of the stimulator in surface mount was realised in two stages: First, 
the circuit design diagrams, and the requirements of the circuit boards were given to a 
company (Southern Circuits Ltd) to produce two double sided p. c. b. s (printed circuit 
boards), corresponding to the base and top boards. The second stage, involved the 
attachment of components on these boards. This was done at the University of Surrey. 
To aid debugging during the attachment of the surface mount components on the p. c. b. s, 
an implementation procedure was drafted. This procedure, consisted of. 
"a set of instructions relating to the order in which the components should be added 
on the p. c. b. s; more specifically, the circuit was divided into different hardware 
sections, each section having its own implementation and testing procedure (see 
below). 
"a collection of software (in both microcontrollers) for debugging different hardware 
sections, their execution being manually selected through the external mode selector. 
"a testing procedure for each hardware section; this consisted of tracking of signals or 
connections using an oscilloscope or a multimeter respectively, and where possible, 
either audio (through the buzzer) or visual (through the LEDs) feedback, to confirm 
operation of individual hardware sections. 
A stimulator was implemented using the above guidelines, by a qualified personnel in the 
Biomedical Engineering Group. His comments provided an assessment of the difficulty 
someone not being familiar with the hardware of the stimulator would encounter, when 
implementing one using the above implementation procedure. His comments were the 
main source in laying down the final implementation and testing procedure, which is 
presented in Appendix Al. 
The base board unit had dimensions of 70 x 30 x 110 mm while the advanced unit 
(incorporating the base and top boards) had dimensions of 70 x 42 x 110 mm ( figure 
2.12). Both units were successfully evaluated on hemiplegic patients, by replicating 
existing exercise and foot-drop control algorithms (see next chapter). 
1 Southern Circuits Ltd, Aston Road, Jubilee Industrial Estate, Waterlooville, Hants, U. K. 
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The software developed to enable the stimulator's clinical and research application is 
discussed in the next chapter. 
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Figure 2.12 The base and advanced units. 
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CHAPTER 3 
DEVELOPMENT OF SOFTWARE 
3.1 INTRODUCTION 
Having developed the stimulator in two units, software was developed to enable the 
application of either the base, or advanced units in the clinical environment. The base 
unit's software provided standard foot-drop correction and exercise control, and enabled 
an initial evaluation of the stimulator in the clinical environment. Subsequent software 
development was directed at exploiting the additional functional features provided by the 
advanced unit to improve the applications of the stimulator in the clinical and research 
environments. Towards this end, two FES systems were developed. The first realised full 
control of the stimulation by an IBM compatible PC. This allowed the development of 
control software in high level language on a PC, and was envisaged to be used in the 
development of a closed-loop system. The second combined the user-friendliness of 
present PC packages and the functional capabilities of the stimulator, to realise a fully 
programmable unit. The latter could be easily set-up by a clinician, and be used by the 
patient at home. In addition to the direct clinical applications, this system would also 
serve as a research tool to investigate the possibilities in dual-channel stimulation. The 
outcomes of this research were expected to give additional insights into which, and how, 
muscle groups were to be stimulated in the eventual closed-loop system. 
All the stimulator's software has been developed in assembly language. Software was 
written in a standard text editor, and was subsequently assembled using the PIC 
Assembler. Simulation of 16C71's software was enabled by the software-based PIC 
simulator, while debugging of the 17C42's software was realised by the in-circuit PIC 
MASTER emulator. The assembled software (for both microcontrollers) was downloaded 
into the microcontrollers' EPROM using the programmer PIC PROMASTER. All of the 
above accessory tools were supplied by Arizona Microchip'. 
In this chapter, the base unit's software will be introduced first, followed by a detailed 
description of the two FES systems developed. Particular attention will be given to the 
second FES system developed for the advanced unit, as this established a new approach 
in open-loop control. 
1 Arizona Microchip Technology LTD, Unit 3, Meadow Bank, Furlong Road, Bourne End, Bucks, U. K. 
77 
Chapter 3 Development of software 
3.2 BASE UNIT SOFTWARE: REPLICATION OF EXISTING 
FOOT-DROP/EXERCISE CONTROL SYSTEMS 
The present dual channel foot-drop stimulator based at Salisbury District Hospital has 
been successfully applied in the clinical environment for the rehabilitation of hemiplegic 
patients. Replication of this stimulator's characteristics therefore, would provide a 
reference for assessing the portability, efficiency, and daily fitting of the developed 
stimulator. Towards this end, the specification for the base unit's software was directed at 
replicating, and to some extent enhancing, the functional features of the Salisbury's foot- 
drop stimulator (this stimulator's manual is presented in Appendix A2). These 
specifications are presented below: 
Initial Specification: 
A. General requirements 
A. 1. Provision for two independent channels of stimulation. 
A. 2. External linear control of amplitude or pulsewidth through front panel pots. 
A. 3. Provision for different scales in amplitude control. 
A. 4. Division of stimulus envelopes into four sections (see figure 3.1). 
A. 5. Each stimulation envelope would be described as follows: 
Minimum and maximum amplitudes - this enables amplitude ramping 
Minimum and maximum pulsewidths - this enables pulsewidth ramping 
Frequency - constant throughout the stimulation envelope 
Timing - for section 1 (Ti), section 2 (T2), section 3 (T3) and section 4 (T4). 
A. 6. External selection between ten modes. 
A. 7. External control of the stimulus section timing (figure 3.1) and triggering conditions 
through hidden pots (i. e. not accessible to the patient). 
A. 8. Pulsewidth range from 0 to 300 µs; Frequency range from 10 to 100 Hz; Amplitude 
range from 0 to 100mA. Time range of each stimulation envelope section from 0 to IOs. 
The channels of stimulation should operate independently of each other, with their 
amplitude or pulsewidth being linearly controlled through the front panel controls by the 
patient (specifications Al and A2). The provision of either pulsewidth or amplitude 
control, reflects upon the difference in comfort and ease of adjustments reported by, some 
patients. Also, because some patients require stronger stimulation than others, it was 
found useful to employ two scales in amplitude control, namely low and high scales 
(specification A3). When choosing low scale, the maximum amplitude that could be set 
by the front panel controls was reduced by a factor of two, as compared to the high scale's 
maximum amplitude. This, enabled a better amplitude control over the operating range 
used by patients requiring low stimulation levels. The stimulation envelopes were divided 
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into four sections (figure 3.1); this allowed for an initial delay after the triggering of the 
heel switch (e. g. heel rise), before the stimulation would ramp up to the maximum 
amplitude. The ramping down of the stimulation was triggered either by the heel switch 
(e. g. heel strike) or after a preset time. It should be emphasised, that the pulsewidth control 
included in specification A. 2, implied the provision of pulsewidth envelopes in addition to 
amplitude ones (specification A. 5). The timing and triggering of these stimulation 
envelopes would be adjusted through two mechanisms: One would employ the external 
mode selector to allow selection between ten preset (by the physiotherapist) sets of 
stimulation envelopes, parameters and modes of operation (e. g. selection between 
exercise/foot-drop, adjustments of ramping times, pulsewidths and frequencies) by the 
patient (specification A. 6). The second mechanism would employ hidden controls from 
the patient, to allow a finer adjustment of the stimulation timing (e. g. initial delay, 
ramping times), and selection of triggering conditions (e. g. heel rise/strike, heel 
sensitivity) by the physiotherapist/carer (specification A. 7). The stimulation parameters' 
ranges in specification A. 8, reflect the physiological stimulus employed in evoking muscle 
contractions. It should be noted that long section times (in the order of seconds) are used 
for exercise control, while smaller section times (in the order of 10s or 100s of 
milliseconds) are used for foot-drop correction control. 
STIMULATION ENVELOPE 
Initiate (triggering) condition 
e. g. Heel strike/rise 
Terminating condition 
e. g Heel rise/strike 
TI - Initial delay 
T2 - Ramping up time 
T3 - Maximum'on'time 
T4 - Ramping down time 
Figure 3.1. Timing of stimulation envelope (only one channel is illustrated). 
B. 1. Fixed and adaptive to cadence timing. 
B. 2. Triggering of stimulation through a heel switch. 
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B. 3. Selection between heel rise/strike. 
B. 4. Adjustable heel switch sensitivity through hidden pots. 
In fixed timing, the stimulation after being triggered by the heel switch, remains 'on' for a 
preset time, irrespective of the heel switch's state. The fixed timing is used in stimulation 
of muscles whose activation terminates either in the middle of the swing or stance phase 
e. g. for the hamstrings (producing knee flexion), stimulation might be initiated after a 
delay from heel strike, and terminated in the middle of the swing phase, before the knee 
extension is required to occur. The main disadvantage of fixed timing, is its inability to 
account for changes in the patient's cadence. In adaptive timing though, the stimulation's 
triggering and termination depends on the heel switch's state e. g. when in heel rise mode 
with the heel switch fitted on the impaired leg, heel rise triggers the peroneal stimulation, 
and heel strike terminates it. This enables some adaptation to the cadence stimulation. 
(specification B. 1 and B. 2). The selection between heel rise/strike (specification B. 3) 
enables reversal in the triggering conditions. This is of particular use in patients, who 
because of severe foot drop, do not achieve a detectable heel strike. This results in a lack 
of synchronisation between gait and stimulation. A practical solution to this problem is 
realised by fitting the heel switch in the healthy leg. This, however, must be accompanied 
by a reversal in the triggering conditions i. e. heel strike must be selected to trigger the 
peroneal stimulation. Heel switches commonly employed in foot-drop correction 
applications are of Force Sensitive Resistor (FSR) technology. These were observed to 
drift with time, and have a wide impedance tolerance (the impedance when open/closed 
varies from switch to switch). The external adjustment of heel switch's sensitivity would 
ensure a more reliable triggering (specification B. 4). 
C. Control requirements for exercise 
C. 1. Provision for continuous, synchronous and asynchronous exercise control. 
Continuous control bypasses switch actions on the stimulation envelopes; the stimulation 
is applied continuously. This is commonly employed in the beginning of an FES session, 
to allow amplitude set-up through the front panel pots by the patient. In synchronous 
mode, the two channels of stimulation are applied simultaneously while in asynchronous 
mode, each channel is activated interchangeably. The first is used for stimulation of 
independent muscle groups (e. g. quadriceps and peroneal muscles), while the second, is 
mainly used for the exercise of agonist/antagonist muscles group (e. g. 
quadriceps/hamstrings). 
D_Safe requirements 
D. 1. Low power warning. 
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D. 2. Safe control of amplitude through external pots (i. e. safeguard against high 
stimulation levels should the user when selecting a new mode or switching 'on' the 
stimulator, has the external amplitude pots accidentally turned too high). 
D. 3. Safe change in mode (e. g. from foot-drop to exercise, from synchronous to 
asynchronous exercise). 
Specifications D. 1 and D. 2 have been already discussed in section 2.2 in Chapter 2. 
Specification D. 3, aimed at eliminating the possibility of the patient misinterpreting the 
operation of the stimulator. Consider the following example: The patient is exercising the 
quadriceps and peroneal muscles, with the mode set to synchronous i. e. both channels 
operate at the same time. If the patient decides to change to asynchronous (this could be 
more comfortable for him), then no delay between the mode change, and the onset of 
channel A's stimulation should be allowed; any such pause in stimulation, might be 
interpreted by the patient as a fault in the stimulator. As a result, the patient might try to 
increase the pots' values to dangerous levels. 
3.2.1 REFINEMENTS TO INITIAL SPECIFICATION 
The following comments/modifications were made to the above specification, to enable 
their implementation in the base unit. 
a. External circuitry should be added to the stimulator to provide for external adjustment 
of timings, and selection in amplitude scales and triggering conditions (specifications A3 
and A7). Ideally, hidden controls should provide control in the timing of the four sections 
for each channel, selection between high and low amplitude scales, adjustment of heel 
sensitivity, and selection between heel rise/strike. However, the stimulator was equipped 
with only eight analogue inputs, of which four were already in use (i. e. allocated for 
reading the power state, the two front panel amplitude controls and the heel switch), and 
two digital inputs. After careful considerations it was decided to allocate the unused 
analogue and digital inputs as follows: 
Analogue input 4- Initial delay (Ti in figure 3.1) for channel's B stimulation envelope. 
The initial delay was essential in the synchronisation of channel B with gait, as candidate 
muscles for stimulation such as calfs, quadriceps and hamstrings, required some delay 
after initiation for their effect to efficiently correct gait deficiencies e. g. the calfs require a 
delay after heel strike, to enable an increased push off on early swing phase, and a more 
stable knee during the mid stance phase. 
Analogue input 5- Ramping times (T2 and T4 in figure 3.1) for both channels. From 
clinical experience, the required ramping times varied from patient to patient. Some 
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patients might find longer ramps more comfortable than others. After discussion with 
clinical colleagues, the adjustment of T2 and T4 through a single control pot was a 
justifiable compromise. 
Analogue input 6- Maximum on time (T3 in figure, 3.1) for channel's B stimulation 
envelope. The timing of this section was critical in defining the operation of muscle 
groups such as the hamstrings (see also sub-section B in the initial specification). 
Analogue input 7- Heel sensitivity. Adjustment of heel sensitivity would alleviate 
problems arising from drifting of the heel switches (see also sub-section B in the initial 
specification) 
Digital input 1- Selection between high/low amplitude scales (specification A. 3). 
Digital i ut 2- Selection between heel rise/strike triggering conditions (specification 
B. 3). 
This switch enables selection between triggering the peroneal stimulation on either heel 
rise or heel strike. Generally, heel rise is set when the heel switch is fitted on the impaired 
leg, and heel strike when the heel switch is fitted on the healthy leg. It should be noted, 
that selection between heel rise and strike also affects the triggering conditions for the 
second channel. 
It should be emphasised that the values read from these controls, were added/subtracted 
from the default ones obtained through mode selection (i. e. the null position for these 
controls was in midway). 
b. The amplitude linear control in specification A. 2 was not implemented in hardware, 
because of the non-linear characteristics of the switching transistors in the power stage 
(figure 2.6 in Chapter 2). A software routine was required to realise this requirement. 
c. Because of memory space constrains in the 16C71, the implementation of pulsewidth 
rampings following the stimulus envelopes was not possible (specification A. 5). As most 
stimulators having clinical foot-drop applications are confined to amplitude control, this 
was an acceptable compromise. 
d. Selection between different pulse widths and frequencies would be enabled through the 
external mode selector. In this way, different combinations of pulse width and frequencies. 
would be coded into different modes e. g. Mode 1 could have frequency of 40 Hz, and 
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pulsewidth of 300 µs; Mode 2 could have frequency of 30 Hz, and pulsewidth of 250 µs. 
Modifications to these combinations, could be realised off-line, through a standard text 
editor (the text file would then be assembled and loaded into the 16C71's internal 
EPROM). 
e. Considering the decreased resolutions obtained by digitally controlled systems as 
compared to analogue ones, a set of minimum required resolutions for the stimulation 
parameters and timings were drawn. These resolutions (along with their justifications) are 
presented below: 
Resolution in nulsewidth and Qf 10 Its and 5 Hz respectively 
Common combinations of the above variables employed in clinical foot-drop correction 
applications were possible using these resolutions. 
Resolution in amplitude of I mA 
Such resolution in amplitude would enable fine adjustments by the patient. 
Resolution in the section timings of the stimulation_ enveloves of 10 ms 
The minimum allowed IPI (interpulse interval = 1/frequency) was set at 10 ms 
(specification A. 8). Consequently, any change in the pulse train amplitude would only 
take effect at least every 10 ms. Therefore, a resolution of 10 ms would ensure that 
changes in the stimulus parameters would be realised in every stimulation pulse. 
f. The low battery warning, activated when analogue input 1 (reading the power state) 
goes below a preset threshold, could be displayed as continuous flickering of both LEDs. 
Safe amplitude control could be realised by detecting high external pots' levels during 
switching 'on' of the stimulator or changing of mode (by the external mode selector), and 
subsequently, flickering alternatively the LEDs until the pots are reduced to the null. 
position. It should be emphasised that the flickering of the LEDs could only be 
implemented in the expense of terminating the operation of the stimulator i. e. the 
flickering of the LEDs was realised through low amplitude pulses being delivered to the 
LED circuitry and power stage; these pulses' amplitude could activate the LEDs, but not 
generate any noticeable stimulus. It was therefore decided for safety reasons, to 
implement these checks only during switching 'on' of the stimulator and changing of 
modes; during these periods, there is no danger of pausing stimulation while the patient is 
walking. 
g. During development of the stimulator, it was noticed that concurrent generation of 
stimulation pulses in the two channels, caused a dipping in their output amplitudes. As a 
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result, when the two channels operate at different frequencies, there may be occasions of 
concurrent generation of pulses. This will lead to variations in the stimulation amplitude. 
In addition, this dipping in the power rail resulted in erroneous Analogue to Digital 
conversions. To avoid these, the following constrains were imposed: 
"a constant frequency in both channels. This restriction would not reflect any serious 
limitations in the applications of the stimulator, as most of the times the same 
frequency is used in both channels. 
" analogue to digital conversion when no pulses were required to be generated. This, 
allowed some settling of the power rail before conversion. 
Although interleaving of pulses was an attractive option in terms of alleviating the 
interference between the two channels, it was not implemented due to the limited 
programming space in the 16C71. Nevertheless, interleaving was implemented in 
subsequent programs. 
Based on the above modifications, the final specification was formulated as follows: 
Final Specification 
A. 1. Provision for two independent channels of stimulation. 
A. 2. External linear control of amplitude through front panel pots. 
A. 3. Provision for different scaling in amplitude control. 
A. 4. External selection between ten modes. 
A. 5. External control of timing and triggering through hidden pots. 
A. 6. Pulsewidth range from 0 to 300 µs - resolution of 10 µs; Frequency range from 10 to 
100 Hz - resolution of 5 Hz; Amplitude range from 0 to lOOmA - resolution of 1mA. 
Time range of each stimulation envelope section from 0 to 10s - resolution of 10 ms. 
A. 7. Selection between different pulsewidth and frequency combinations, modes of 
operation, and section timings in the stimulation envelopes, via the ten available modes. 
Modifications would be realised off-line through a text editor. 
A. 8. Same frequency for both channels. Analogue to Digital conversions would be 
realised after the generation of a stimulating pulse. 
Requirements Al to A5 were taken from the initial specification. Specification A. 6 , A. 7 
and A. 8 were derived from modifications c, d and f respectively. 
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B. Control requirements for_ foot-drop correction 
B. 1. Fixed and adaptive to walking speed timing (refer to figure 3.1 for illustration of 
timing parameters). 
B. 2. Triggering of stimulation through a foot-switch. 
B. 3. Selection between heel riselstrike. 
B. 4. Adjustable heel sensitivity through hidden pots. 
Taken from the initial specification. 
C Control requirements, for exercise 
C. 1. Provision for synchronous and asynchronous exercise control. 
Taken from the initial specification. 
D. Safety requirements 
D. 1. Low power warning. 
D. 2. Safe control of amplitude through external pots (i. e. safeguard against high 
stimulation levels should the user when selecting a new mode or switching 'on' the 
stimulator, finds the external amplitude controls to be accidentally turned too high). 
D. 3. Safe change in mode (i. e. from foot-drop to exercise, from synchronous to 
asynchronous exercise etc. ). 
D. 4. Warnings would be implemented using visual feedback from the front panel LEDs, 
only during switching 'on' of the stimulator, and changing of mode. 
Specifications Dl- D3 were taken from the initial specifications. Specification D4 was 
modified as explained earlier (modification f). 
3.2.2 DEVELOPMENT OF SOFTWARE 
In order to enable compatibility with future software, the functions required were 
implemented as discrete routines/subroutines. In this way, any changes could be carried 
out by modifying/replacing existing routines/subroutines. These routines were fitted into 
1 ms slots generated by the 16C71s internal counter (RTCC counter). Their execution 
was completed and periodically repeated every 4 ms. This periodicity was calculated on 
the basis of: 
" the maximum period between refreshments required by the DACs (4 ms ); higher 
periods would result in a rippled output amplitude (caused by the discharging of the 
sampling capacitor), 
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" time required to execute the above routines/subroutines; these routines/subroutines 
could not be executed in less than 4 ms, 
" the implications higher periodicity times would have on the frequency resolution; the 
4 ms periodicity was affecting the frequency resolution, allowing only discrete, non- 
linear increments in frequency (see table 3.1 below). However, the resulting frequency 
resolution for frequencies commonly employed in foot-drop correction applications 
complied with the specification (typical frequencies operation range from 25 to 50 Hz). 
Allowed IPI (ms) Corresponding FREQUENCY (Hz) 
8 125 
12 83 
16 62.5 
20 50 
24 41.7 
28 35.8 
32 31.25 
36 27.8 
40 25 
44 22.8 
Table 3.1 Allowed ! Y! and corresponding I requency values (tor clarity, only iris 
up to 44 ms are shown). 
The timing in routine/subroutine execution is illustrated in diagrammatic form in figure 
3.2. The main routines/subroutines fitted in these slots, are listed below along with a brief 
description of their functions. The order in which these routines are explained, conforms 
with the order they are displayed in figure 3.2 
SLOT 1 
I. A. Generation of digital pulse routine. 
This routine, read the pulsewidth and frequency for each channel (stored in registers in the 
16C7 I's RAM space) and generated the corresponding digital pulses for each channel, by 
controlling the state of two output port pins in the 16C71 (pins RB 12 and RB 13 in figure 
2.14). 
I. B. Analogue/Digital i nuts subroutine. 
This subroutine read the eight analogue inputs (power state, amplitude controls 1 and 2, 
heel switch, initial channel B delay, ramping times, maximum 'on' times and heel 
sensitivity) and the digital inputs (external mode selector's value, the amplitude scaling 
and heel rise/strike selection). These values were stored in a reserved space in the internal 
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4 ms periodical execution 
Generation of 
digital pulse for Mapping of channel A Mode read Mapping of channel B 
Channel A and B amplitude routine amplitude 
or 
Generation of analogue Stimulation control. Generation of analogue 
amplitude for amplitude for Analogue/Digital channel A channel B input routine 
--Slot 1--. f-Slot 2-º., -Slot 3--º. 4-Slot 4 -º 
Figure 3.2. Timing of routines/subroutines execution. 
RAM of the stimulator for global access. A 100 µs delay was allowed after a shift in the 
external mode selector was detected, to give time for any transients to die out before 
reading the new mode (specification D. 3). 
1. C. Safety checks subroutine (not shown in figure 3.2). 
Safety checks were performed whenever the stimulator was switched on, or a change in 
mode was detected by the 'Analogue/digital inputs' subroutine. If a low battery, or a high 
amplitude level was detected, warnings were displayed in the LEDs as discussed earlier. 
SLOT 2/4 
2. A. Mapping of amplitude subroutine. 
This routine compensated for the intrinsic non-linearities of the power stage by mapping 
the external amplitude controls to the corresponding outputs in the power stage. It 
received the external amplitude control values (through analogue inputs 1 and 2), and 
subsequently delivered the corresponding mapped amplitudes to the DACs. Because of 
the limited program space in the 16C71 (1 k byte), the amplitude range as read from the 
external amplitude controls was divided into four sections. Each section was attributed an 
equation for correcting the output analogue signal. These sections along with the 
associated equations are shown below in tabular form: 
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SECTION AMPLITUDE CONTROL 
RANGE (Digital value) 
EQUATION 
1 0 -5 No output 
2 6-16 = 112 +(POT VALUE x 2) 
3 17 -112 = 144+ 
(POT_VALUE - 10) 
5 
4 112 - 256 
(POT VALUE - 112) 
=160+ 
6 
Table 3.2 Mapping of pots to power stage's output. 
The relationship between the external pots and output stimulation amplitudes with 
I kOhm//100nF load, before and after processing is illustrated in figure 3.3. 
120 
'' 100 
CIO 
80 
ö 60 
ö 
40 
20 
OQ 
0 40 
Digital Amplitude Control Value 
Before correction 
After correction 
Figure 3.3 Power stage characteristics before and after mapping: In this graph the peak 
of the output stimulating pulses (figure 2.7) is plotted against the corresponding digital amplitude value. 
The non-smooth shape of the 'after-correction' line can be attributed to measurement errors. 
2. B DAC's routine 
This routine received from the 'mapping of amplitude' routine the channels' amplitudes, and 
produced the corresponding analogue signals (which were fed to the power stage). The 
signals asserted by this routine have been discussed in section 2.5.3 of Chapter 2. 
SLOT 3 
3. A Mode selection subroutine 
This routine received the mode selected (from the Analogue input/mode subroutine) 
through the external mode selector, and updated the mode of operation (e. g. exercise, 
foot-drop), stimulation parameters (e. g. pulsewidth, frequency) and timing of the 
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stimulation envelopes (e. g. TI, T2, T3 and T4 in figure 3.1) accordingly. The stimulation 
parameters and timing were stored into a reserved space in the internal RAM of the 
16C71. These registers were subsequently accessed by the 'stimulation control' routine 
described below. 
3. B. Stimulation envelo e timin ag nd amplitude control routine. 
This routine, read the state of the heel switch (analogue input 4), the envelopes sections' 
timings (received from the Mode selection subroutine) and the value of the external 
amplitude controls (analogue inputs 1 and 2), and calculated the instantaneous amplitude 
values for each channel (these values after being mapped, were passed through the DACs 
to the power stage). An internal timer (incrementing every 4 ms), enabled the tracking of 
each channel's section, and the calculation of each channel's amplitude accordingly. 
Consider the following example: suppose channel A is in section 2 (T2 in figure 3.1), the' 
time for this section is 16 ms, and the corresponding amplitude read from the front panel 
pot is 100. The instantaneous amplitude will be calculated using the following equation: 
(ma)Lamp - amplitude -, 
)x timer 
amplitude" =amplitude"_, +- {eqn 3.1 } 
sec time 
= amplitude"_i + 
(100 -amplitude n-I)X timer 
4 
where, 
the max amp is the front panel's value, 
sec time is the number of four divisions in the section time(16 /4= 4), 
and the timer is the internal timer, and in this case, can have values between 1 and 
4 
In addition to the above routines, some additional software were developed to ensure the 
following: 
" when changing from foot-drop to exercise mode, the initial delay in the stimulation 
envelopes was ignored. This measure was implemented to avoid misinterpretation of the 
delay, as a fault in the stimulator by the user which might lead to accidental increase of 
stimulation to uncomfortable levels. 
" when a change in mode between exercise-exercise, or foot-drop - foot-drop was 
detected, the stimulation envelopes in both channels were reset to the first section. 
89 
Chapter 3 Development of software 
The additional circuitry to allow adjustment in the timings of the stimulation envelopes 
were implemented in surface mount, and fitted inside the stimulator's box, on top of the 
battery compartment. Holes drilled in the latter enabled their external adjustment by a 
screvvdriver (sce fi,; ure ). 4). 
3.2.3 CONCLUDING REMARKS 
The base unit was evaluated at the Salisbury District Hospital with one hemiplegic 
patient. That patient was using ankle flexor stimulation for correction of foot-drop, and 
plantar flexor (calf muscle) stimulation for increasing push off during early swing phase. 
The system was fitted, and the timings of the stimulation envelopes adjusted through the 
hidden pots. fhe system was observed to operate reliably, replicating the functions of the 
existing foot-drop stimulation. Me system was subsequently taken by the patient home. 
The patient reported a two days operation without recharging of the batteries. This 
preliminary evaluation of the base unit encouraged the development of further software to 
enable the application of the advanced unit in the clinical/home environments. 
3.3 ADVANCE UNIT'S SOFTWARE: IMPROVEMENTS TO 
OPEN-1,001' CONTROL 
Following the successful evaluation of the base unit, software was developed to improve 
the flexibility. and ease the on-line selection/modification of the stimulation parameters 
and timings. These software resulted in the development of two FES systems. The first 
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system aimed at research applications only; the stimulator was used merely as a terminal, 
while all control software was developed in high level language (C language) on a PC. 
This had two ends; to lay down the foundations for developing the closed-loop algorithm, 
and to give some insights in the structure of the control software that would lead to the 
development of the second system. This second system aimed at clinical applications. 
User-friendly control panels (developed in LabVIEW - supplied by National Instruments) 
on a PC were used for the on-line set-up of the stimulator. The latter, being equipped with 
non-volatile memory (EEPROM) could store this set-up, so that it could be used by the 
patient at home. In this way, easy programming of the stimulator according to the patient's 
individual needs, and subsequent objective evaluation on possible after effects of 
stimulation would be realised. The stimulator's software used in each of the above 
systems, were later combined to enable the employment of the stimulator in both research 
and clinical applications. This section, will concentrate on the description of each of the 
systems in the order discussed above. 
3.3.1 DEVELOPMENT OF SOFTWARE FOR RESEARCH APPLICATIONS 
This software transferred all control to the PC. The functions performed by the stimulator 
are summarised below: 
" The stimulator transmitted information to the PC relating to the analogue (e. g. power 
state, front panel amplitude controls and heel switch) and digital (external mode) 
inputs 
" The stimulator executed commands received from the PC relating to the stimulation 
parameters' values i. e. the stimulator received the amplitude, pulsewidth and frequency 
values for each channel, and produce the corresponding stimulation output. 
The software in the PC, developed in high level language (C language), received the 
analogue/digital input information, processed them, and downloaded the stimulation 
parameters' values. It should be emphasised that any safety requirements were 
implemented in the PC, not in the stimulator, since it was the operator, not the patient, 
who controlled the stimulation. The software for the stimulator and the PC are discussed 
separately in the following subsections. 
A. STIMULATOR SOFTWARE 
Since the 16C71 was not equipped with an RS232 link, it was necessary for the. 
analogue/digital input information to be transferred to the 17C42, before been 
downloaded to the PC. Similarly, the stimulation parameters should be downloaded from 
the PC to the 17C42, before been transferred to the 16C71 for execution. Hence the 
17C42 can be visualised as a mediator between the 16C71 and the PC. Its software 
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consisted of asynchronous and synchronous communication routines to enable the 
exchange of data with the PC and 16C71 respectively. Each of these is now discussed. 
(i). Communication protocol between the 16C71 and the 17042. 
The communication between the 16C71 and the 17C42 was realised synchronously, via 
two lines, namely the SDA (synchronous data) and SCL (synchronous clock) lines. The 
SDA line was carrying the data information, while the SCL line was carrying the 
synchronisation clock. As the 16C71 was not equipped with a hardwired serial port, 
software routines were developed to simulate its operation through two input/output port 
pins (RB 6 and RB 7). These routines introduced delays, putting constrains on the 
operating speed of the communication link; after assessing these software delays, the 
communication speed was set (through software in the 17C42) at a baud rate of 
34.14kbits/sec. This baud rate, would realise the transfer of one byte in 235 µs. The 
communication protocol, was envisaged to fit in the I ms slots of the 16C71; in this way, 
the only modifications to the 16C71 software would be the replacement of the 'stimulation 
control' routine, with a 'communication' routine (see also figure 3.7). Therefore, within this 
l ms slot, four bytes could be transferred (I ms / 235 µs). However, allowing for other 
delays (which are discussed below), the number of bytes transferred per slot, was reduced 
to three (including the command byte). 
This synchronous communication protocol was divided into four sections (refer to figure 
3.5) as described below: 
VJ 
-CCLLOCK 
OOOOOOOOC 
O Cl OOO C> O0 OO OO 
Time (microseconds) 
Figure 3.5 Communication protocol between 16C71 and 17C42: This figure depicts the 
synchronous communication protocol as captured by a digital oscilloscope. Both the clock and data lines 
operate on digital levels (i. e. from 0 to 5 Volts). 
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a. Handshake section: The 16C71 initiates communication by pulling down the SCL line. 
If no response is detected from the 17C42 within 25 µs, the 16C71 abandons the 
communication. 
b. Command transfer section: The 17C42 informs the 16C71 of details relating to the 
transfer of data (e. g. transmission of amplitudes, reception of analogue inputs) 
c. Data transfer section: Depending on the command, the corresponding data are 
transferred. 
d. Acknowledge section: The 16C71 confirms successful transfer of data by pulling both 
SCL and SDA lines to ground. 
Delays (in the order of 25 ps) were required between each byte transfer, to allow time for 
the 16C71 to prepare for the next byte transfer. In addition, since parity checks were not 
implemented because they would impose further constrains on the baud rate (because 
additional software would have to be developed in the 16C71), if during a 
transmission/reception of a byte the 16C71 would detect any more than 20 µs delay 
between clock transitions, the communication would be abandoned. This scheme, would 
safeguard against erroneous transfer of data should a failure occurred in the synchronising- 
clock (SCL line). It is emphasised however, that parity was added in later software 
developments. 
The command transmitted by the 17C42 conformed to the following format: 
Bit 7 Bit 6 it 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 
TX/RX NU ADDRESS OF BYTE 2 ADDRESS OF BYTE 1 
Figure 3.6 Command byte for synchronous communication. 
The TX/RX bit (bit 7) dictated the direction of data transfer. The address of the variables 
involved in the transfer are presented below: 
BINARY ADDRESS OF 
DATA 
BYTES TRANSMITTED 
TO 17C42 (TX/RX= 0) 
BYTES RECEIVED BY 
16C71(TX/RX=1) 
000 Analogue input 1 Pulsewidth for channel A 
001 Analogue input 2 Amplitude for channel A 
010 Analogue input 3 IPI for channel A 
011 Analogue input 4 Pulsewidth for channel B 
100 Analogue input 5 Amplitude for channel B 
101 Analogue input 6 IPI for channel B 
110 Analogue input 7 NU (Not Used) 
111 Mode of operation NU (Not Used) 
Table 3.3 Addresses of variables: The binary address of data column is the address described by 
'address of byte 1/2' in figure 3.6. 
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As shown in Table 3.3, the analogue input 8 was not involved in the transfer. The reasons 
underlying this can be understood by considering the timings in the 16C71 and 17C42 
microcontrollers. As it can be seen from figure 3.7, the only modification done on the 
16C71's software, was the replacement of the 'mode read' and 'stimulation control' 
routines by the 'communication' routines. (It should be noted, that in order to realise 
independent frequency operation in the two channels without causing changes in the 
stimulation amplitudes, interleaving of pulses was implemented i. e. the first 500 µs were 
used for channel A, while the last 500 µs were used for channel B). 
4 ms periodical execution Do. 
Generation of 
digital pulse for 
both channels 
Mapping of channel A 
amplitude 
Communication 
Routines 
Mapping of channel B 
amplitude 
or 
Generation of analogue Generation of analogue 
Analogue/Digital amplitude for channel A amplitude for channel B 
input routine 
Slot 1--. ýý. Slot 2-º. *--Slot 3--ºý--Slot 4-m.. 
TIME 
Figure 3.7 16C71's timing. 
1 
As communication takes place every 4 ms, the transmission of all eight analogue input 
and stimulation parameter bytes to the 17C42, would require ({4 +3}x 4) 28 ms. The time 
required for asynchronous communication was calculated to be around 20 ms (see 
asynchronous communication section). For a periodic 17C42 execution of 50 ms (see 
17C42 timing, section (iii) ), no time was left (time required so far was 48 ms) for an 
extra 4 ms, to read analogue input 8. As seven inputs were considered to be more than 
adequate for the stimulator's applications, the eighth analogue input was not involved in 
the transfer. 
aj) AXynchronous Communication 
The transfer of data between the PC and the stimulator was realised via the RS232 link. - 
Only three lines from the latter were employed, namely the RX (Receive line), the TX 
( 
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(Transmit line) and the GND (Ground line). An existing opto-isolator unit enabled 
isolation between the PC and the stimulator. A 19.2 k Baud rate was selected, the highest 
standard baud rate that could be realised given the 17C42's frequency of operation. Nine 
bits were transmitted per byte, the ninth bit being the parity. Therefore, each byte took 
approximately half a second to transfer (9x1/19200). The communication protocol 
developed is illustrated in figure 3.8. 
PC STIMULATOR 
Command 
Initialise Command Start Data Checksum 
PC in Receiving Mode 
Command Start Data Checksum]-º 
Initialise Command Start Command 
PC in Transmitting Mode 
Figure 3.8 Asynchronous communication protocol. 
Referring to figure 3.8, communication is initiated by the 17C42 every 50 ms (this is the 
duration of each 17C42 slot - see 17C42 timing, section (iii)) through the transmission of 
the initialise byte. This byte was allocated a fixed, reserved value of 255. The PC 
responds to the initialisation byte by transmitting a command byte. The command 
contained details pertaining to the direction and data required, and it conformed to the 
format below: 
Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 
IPI B AMP B PW B IPI A AMP A PWA Command bits (TX) 
MODE ANAL 
S 
ANAL 
4 
ANAL 
3 
ANAL2 ANAL 
1 
Command bits (RX) 
Figure 3.9 Command byte in asynchronous communication: The first row depicts the bit 
number in the command byte, the second row shows the bytes transferred from the PC to the stimulator, 
and the bottom row depicts the data bytes received by the PC. 
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The command bits (Bits 1 and 0) described the mode of transfer as illustrated below: 
Command bits 
Bit 1 Bit 0 Function 
0 0 Error in communication 
0 1 Reception by 17C42 using standard mode protocol 
1 0 Transmission by 17C42 using standard mode protocol 
1 1 Special mode (reserved for future use) 
Table 3.4 Functional description of command bits 
When in standard mode, bits 2 to 7 (in figure 3.9) acted as switches, enabling the 
downloading of individual bytes e. g. if the command was'00000101', only the pulsewidth 
for channel A would be transmitted by the PC. By employing this scheme, only the bytes 
required for update were transferred, allowing any extra time (within the 50 ms slot) for re 
transmission, should an error occurred during the first transfer. The special mode 
mentioned in Table 3.4 is discussed further in the next section. 
Following the transmission of the command, the PC waits for the 17C42 to respond, by 
transmitting the command back. In such case, the PC checks whether the command 
received is correct, and subsequently, depending on the mode of operation either transmits 
or receives data. If the command is not received back, then the PC re transmits the 
command for a maximum of three times (this constrain was imposed in order to ensure 
that the PC would not miss the next initialise byte). 
The transfer of data is accompanied by a start byte (before the data transfer), and a 
checksum (after the data transfer). The binary value of the start byte is '10101010', and it 
ensures synchronisation before the actual transfer of data. The PC and the stimulator, 
check the start byte before receiving any data. If the start byte has been erroneously 
received, then the communication is abandoned. In the case of the PC transmitting, a 
handshake of the start byte was added into the protocol, to ensure successful 
synchronisation. It is noted though, that this section of the protocol was removed in later 
software developments, because it was considered redundant. The checksum implemented 
(in combination with the parity bit), provided an error detection scheme, by calculating 
the number of ones in the transferred bytes. A better checksum scheme was implemented 
in later software, which calculated the row parity of the data transferred; this, enabled 
detection of errors that would pass unnoticed by the previous scheme e. g. if the data byte 
transmitted was 00100111, and the data byte received was 00010111, then the error in bits 
4 and 5 would not be detected neither from parity nor from the first checksum scheme. 
However, it would be detected using row parity. 
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When the stimulator is in the receiving mode, once all the data have been received 
correctly, the 17C42 confirms the successful transfer by transmitting the original 
command byte back. If the reception was erroneous, then the 17C42 sets the command 
bits to zero (see Table 3.4), indicating an error in the communication. In such case, the PC 
reinitiates the transfer of data by retransmitting the command byte. In the case of the PC 
receiving data, an erroneous reception (detected by the above error scheme) would result 
in the repetition of the transfer. 
(iii__) Timing of the 17C42 
Using the above protocol between the PC and the stimulator, the time required for a 
complete transfer and reception of data was observed to be around 20 ms. As previously, 
mentioned, the time for a complete synchronous transfer was 28 ms. Therefore, the 
minimum time required (assuming negligible processing time in the PC) for feedback data 
to be received by the PC, be processed, and the corresponding output to be executed by 
the stimulator would be 48 ms. To accommodate these execution times, the 17C42 time 
space was divided into 50 ms slots. This implied that updates to the stimulation output 
would be implemented every 50 ms. This timing (although not ideal) was considered 
acceptable e. g. when using a stimulation frequency of 40 Hz (very common in foot drop 
applications), the stimulation would be updated every second pulse; this can hardly be 
noticed by the patient The 50ms periodicity was realised through an interrupt activated 
whenever a 50 ms internal timer overflowed. The timing of the 17C42 is illustrated 
diagrammaticaly in figure 3.10. 
50 ms INTERRUPT 50 ms INTERRUPT 
Synchronous Synchronous Asynchronous Asynchronous 
Transmission Reception Transmission Reception 
(12 ms) (16 ms) (8 ms) (12 ms) 
TIME(ms) 
Figure 3.10 Timing of the 17C42. 
50 ms 
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B. SOFTWARE DEVELOPED ON THE PC 
The initial software developed on the PC provided simple, dual-channel foot-drop 
correction control, using a heel switch to synchronise the stimulation with the phases of 
gait. This software were subsequently improved, to accommodate two heel switches. It is 
emphasised, that the development of this software aimed only at providing an initial 
evaluation on the flexibility and efficiency that could be enabled using the PC as a 
controller (i. e. their application was not * directed at clinical environments). Such an 
approach, would enable feedback from the system's operators and the patients, that would 
be useful in formulating the specifications for the future development of a user-friendly 
system. In addition, the communication routines used, could be employed in the future 
closed-loop software, which were envisaged to be initially developed on a PC. 
Considering the applications of the system, the following requirements were expected to 
be realised by the software: 
" Flexibility in adjusting the stimulation parameters and timing. Towards this end, each 
key in the keyboard was programmed to have a specific function e. g. the letter 'w' would 
cause the increment of the pulsewidth, while the letter's' would decrement the pulsewidth. 
Although this was far from user-friendly, it provided flexibility and fast on-line 
adjustment of the stimulation parameters and timings. 
" Incorporation of safety measures, as described in the specification for the base unit's 
software. Warnings were displayed on the PC's monitor instead of being produced as 
audio outputs. 
" Incorporation of a 'continuous stimulation' mode that would allow the patient to adjust 
the stimulation levels while sitting. This would enable initial amplitude settings to be 
given to the computer; the patient would adjust the stimulation while sitting, the values 
would be stored, and subsequently, be used for foot-drop correction. Any minor 
adjustments would be realised through the control panel of the PC. 
" Replication of existing dual-channel foot-drop correction software. The specification for 
this were taken from the software developed for the base unit (with the exception that the 
resolution for the time sections was set at 50 ms). 
" Incorporation of routines that would enable communication with the PC. Any errors 
during asynchronous communication were displayed on the monitor. 
C. CONCLUDING REMARKS 
The system was evaluated in a number of hemiplegic patients from the Salisbury District 
Hospital. It proved to be a valuable tool enabling the adjustment of the stimulation 
parameters and timings, while the patient was walking. This on-line control, enabled a 
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fast setting-up of the stimulation parameters, before any fatiguing effects occurred. The 
50 ms resolution in the timing, did not seem to be noticed by the patients. The 
asynchronous communication routines were observed to operate reliably. The facility 
implemented for repetitive transfer of data within the same 50 ms slot once an error has 
occurred, did not seem to be useful. This is because the occurrence of an error was 
always accompanied with subsequent multiple errors, which necessitated the 
disconnection of the system. Considering the positive outcomes of this system, the work 
was then directed at improving the human-machine interface. 
3.3.2 DEVELOPMENT OF USER-FRIENDLY OPEN-LOOP DROPPED-FOOT 
SOFTWARE 
The employment of a PC in the FES system discussed previously, proved to be useful in 
terms of providing flexibility. However, it suffered from two drawbacks. First, the 
control panel on the PC although enabling flexibility was not user- friendly, and second, 
the stimulator could not operate in isolation. The software discussed in this section 
rectified the above drawbacks, to produce a user-friendly, flexible, reprogrammable unit, 
that could be easily set-up in the clinic according to the patient's individual needs, and 
subsequently be taken home by the patient. The improvements in human-machine 
interface was a very important feature, allowing a non-expert/semi-expert operator (such 
as the physiotherapist or clinical engineer), to set-up the FES system. In terms of 
research, this system would be a useful tool in investigating the possibilities in dual- 
channel stimulation. However it is emphasised, that the software described in this section 
was aimed at evaluating this new open-loop control approach, and by no means 
constituted the final envisaged FES. system. The system developed provided simple foot- 
drop correction control. Nevertheless, particular attention was given in allowing its future 
expansion. The specification of the software is presented below. 
Specification: 
A. General Requirements 
A. 1 Provision for two independent channels, synchronised with gait through a heel switch. 
A. 2 User-friendly control to enable a non-expert or semi-expert operator to construct 
basic envelope cycles or patterns in response to the heel switch trigger. 
A. 3 The software should be written in modular form to facilitate enhancement and 
extension at a later date. 
A. 4 Incorporation of two operation modes. One (standard mode) would grant absolute 
control over the stimulation parameters and timings to the PC (see previous section). The 
other mode (special mode), would allow independent operation of the stimulator once it 
has been programmed by a PC. 
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As previously mentioned, this software was aiming at providing simple, dual-channel 
foot-drop correction. The synchronisation with gait was to be realised via a single heel 
switch. The control panels on the PC, would be developed at the University of Surrey by 
Dr. D. Ewins, using LabVIEW (supplied by National Instruments1). The format of the 
commands from the PC when in special mode, should allow future expansion to 
accommodate more complex control of the stimulation parameters and timing e. g. 
incorporation of alternative sensor inputs, pulsewidth ramping, frequency ramping, 
logging of statistical information etc. (specification A. 3). Specification A. 4 would enable 
compatibility of the stimulator with the previous system developed (see section 3.3.1). 
B. 1 Provision for fixed time and adaptive time. 
B. 2 Selection between heel rise and heel strike. 
B. 3 Each channel should have the following adjustable parameters (see figure 3.1): 
Amplitude : range from 0-100mA / resolution 0.5 mA 
Pulsewidth : range from 0-300 µs / resolution 4 µs 
IPI : range from 12 -100 ms / resolution 4 ms 
Time 1: 0- 12.7 s/ resolution 50 ms 
Time 2: 0- 12.7 s/ resolution 50 ms 
Time 3: 0- 12.7 s/ resolution 50 ms 
Time 4: 0- 12.7 s/ resolution 50 ms 
B. 4 The stimulation envelopes should be implemented only in amplitude. 
B. 5. Ability to store stimulation parameters and timings. 
B. 6 The amplitude should be controlled either by the patient through the front panel pots, 
or by the operator through the PC. 
B. 7 Adjustable heel sensitivity. 
The significance of requirements B. 1 and B. 2 have been explained earlier (section 3.2). 
The resolutions in specification B. 3, were determined from constrains in the 
microcontrollers' software (their justification is described in section 3.2.1). The 
stimulation 'set-up' would be stored in the EEPROM after a successful session, to be used 
by the patient at home. The stimulation envelopes (discussed previously -see figure 3.1). 
would be implemented in amplitude (specification B. 4) only. Pulsewidth and frequency 
would remain constant throughout the gait cycle. The maximum level of this amplitude 
would be controlled by the operator during sessions in the clinic, or by the patient through 
the front panel controls in home applications. The heel sensitivity (explained in section 
3.2), would be adjusted by the operator, through the PC. 
1 National Instruments Corporate Headquarters, 6504 Bridge Point Parkway, Austin. 
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C. Safe requirements 
C. 1 Low battery warnings. 
C. 2 High external pot warnings during switching on, or changing between modes (i. e. 
standard mode, to special mode; these modes will be further elaborated later in this 
section) 
The necessity for these was discussed in section 3.2. 
A. STIMULA TOR'S SOFTWARE 
After a thorough study in the specification drawn, an outline of the functional 
requirements of each board was formulated as follows: 
" The 16C71 in the bottom board should only execute low level commands received from 
the top board. The term `low level commands' will be used in this chapter to refer to 
commands describing the stimulation parameter values (i. e. amplitude, pulsewidth, 
frequency) and the external inputs (i. e. analogue and digital inputs). This software has 
already been developed as a requirement for the implementation of the first FES system 
(see section 3.3.1). 
" The top board on the other hand should: 
- when in standard mode, transfer low level commands received from the PC to the 
bottom board; the software for this had been implemented during the development of the 
first FES system (see section 3.3.1). 
- when in special mode, translate high level commands received from the PC, to a set of 
low level commands to be executed by the bottom board. 
The `high level commands' provided information relating to the stimulus timings and 
parameters (i. e. maximum amplitude, pulsewidth, frequency, and timing of each section). 
It should be noted, that although no processing was performed on the pulsewidth and 
frequency (i. e. the stimulator acts as a mediator for these parameters), they will be 
referred to as being described by high level commands (instead of low level commands), 
as future software development allowed their values to follow the stimulation envelopes' 
trajectories. It should also be emphasised, that in special mode, no information regarding 
the states of the analogueldigital inputs was transferred to the PC; the processing of these 
information was performed by the 17C42. A diagrammatic representation of the special 
and standard modes is illustrated in the figure 3.11. 
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ASYNCHRONOUS SYNCHRONOUS 
COMMUNICATION COMMUNICATION STIMULATION 
CHANNELS 
TOP BOTTOM 
PC BOARD BOARD ANALOGUE 
LOW LEVEL LOW LEVEL AND 
COMMANDS COMMANDS MODE INPUTS 
STANDARD MODE 
ASYNCHRONOUS SYNCHRONOUS 
COMMUNICATION COMMUNICATION STIMULATION 
CHANNELS 
TOP BOTTOM 
PC 01 0' BOARD BOARD ANALOGUE 
HIGH LEVEL LOW LEVEL AND 
COMMANDS COMMANDS MODE INPUTS 
SPECIAL MODE 
Figure 3.11 Schematic representation of standard and special modes. 
The asynchronous transfer of data between the PC and the stimulator was realised through 
the communication protocol in figure 3.8. When bits 1 and 0 in the command byte were 
set to one (see Table 3.4), the stimulator entered the special mode of operation. When in 
special mode, the command byte was decoded as depicted in Table 3.5. 
Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 FUNCTION 
0 0 0 0 0 0 1 1 RX mode byte A (1) 
0 0 0 0 0 1 1 1 TX mode byte (1) 
0 0 0 0 1 0 1 1 RX control byte B (1) 
0 0 0 0 1 1 1 1 TX control byte (1) 
0 0 0 1 0 0 1 1 RX channel A parameters (7) 
0 0 0 1 0 1 1 1 TX channel A parameters (7) 
0 0 0 1 1 0 1 1 RX channel B parameters (7) 
0 0 0 1 1 1 1 1 TX channel B parameters (7) 
0 0 1 0 0 0 1 1 RX power state (1) 
Table 3.5 Decoding of special mode command: The number in the brackets next to the 
command function, depicts the number of data bytes involved in the transfer. 
The mode byte (first two entries in Table 3.5) allowed selection between standard and 
special mode ( only one bit is used - the rest 7 are reserved for future expansion). The 
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functional description of the control byte ( third and fourth entry in Table 3.5) is 
illustrated below: 
Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit Bit 0 
NU NU NU NU NU SAVE PC/SM HS/HR 
Figure 3.12 Functional description of control byte. 
The HS/HR flag allowed selection between Heel rise and Heel strike. 
The PC/STIM flag enabled control of amplitude through the PC or the stimulator's front 
panel pots. 
The SAVE flag whenever set, initiated the storage of the control and stimulating 
parameters in the EEPROM. It should be noted that the mode byte was not stored; when 
the stimulator was switched on, it was entering the special mode by default. 
The rest of the control byte's bits were reserved for future use. 
The channel A and B parameters (5-8 entries in table 3.5) are presented below in tabular 
form: 
BYTE 
No 
CHANNEL A PARAMETERS CHANNEL B PARAMETERS 
1. Pulsewidth Pulsewidth 
2. Amplitude Amplitude 
3. IPI IPI 
4. Time section 2 Time section 1 
5. Time section 3 Time section 2 
6. Time section 4 Time section 3 
7. Heel sensitivity Time section 4 
Table 3.6 Parameters for channel A and B. 
It is emphasised, that the timing for section 1 in channel A was not involved in the 
transfer; the heel sensitivity was transferred in its place (software constrains limited the 
maximum number of bytes in a single transfer to seven). This did not pose any problem, 
since from practical experience no delay after triggering of the heel switch was required 
for the ramping up of the ankle flexor muscles' stimulation. 
B. Lab VIEW CONTROL PANELS ONPC 
Three control panels were presented to the operator. The first one allowed selection 
between standard and special mode. Depending on this selection, the control panel for 
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either standard or special mode was presented to the operator. These two control panels- 
are illustrated in figures 3.13 and 3.14 (found at the end of this chapter) respectively. 
Referring to figure 3.13 , the panel was divided into four sections: 
" The Communication Controls and Indicators section: This enabled selection between 
the PC's communication ports 1 and 2, adjustment of the time the PC would wait for 
reception before displaying errors (through the indicators), and displaying of the 
successful/erroneous transfer of data through two indicators. 
" The Activation Controls section: The NO LINK button enabled 
connection/disconnection of the software link between the stimulator's front panel 
controls and power stages i. e. when the NO LINK button was deactivated, the PC acted 
merely as a mediator, receiving the front panel controls' values, and transmitting them 
back to the stimulator for execution. The start/stop buttons initiated/terminated 
execution of the program. 
" The Stimulator Controls section: The knobs in this section allowed the adjustment of 
the stimulating parameters to be downloaded in the stimulator. 
" The Received Data section: This section displayed the state of the analogue inputs 
received by the stimulator. 
Referring to figure 3.14, the panel was divided into six sections: 
" The Communication Controls and Indicators sections: This was described above. 
" The Mode Control section: The operation mode window, enabled selection between 
transmission and reception (i. e. READ DATA, TRANSMIT DATA). The TRANSFER 
button carried out the operation selected. The START and STOP buttons initiated and 
terminated the execution of the program respectively. 
" The Heel Switch section: This section enabled selection between heel rise/strike, and 
adjustment of heel sensitivity. 
" The Channel A and B Controls section: This section allowed the adjustment of each 
channel's parameters and section timings. The schematic of the stimulation envelopes 
for the two channels was also included in the panel. 
" Power level: This window displayed the state of the power rail in the stimulator. 
3.4 CONCLUDING REMARKS 
This chapter, described the development of software for the base and advanced units. The 
software for the base unit enabled an initial evaluation of the stimulator. Subsequent 
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software for the advanced unit aimed at providing flexibility in modifying stimulation 
patterns for research applications. This enabled the use of the stimulator as a research tool. 
Further developments, enabled a user-friendly, flexible, reprogrammable open-loop 
system. This system was evaluated on patients from Salisbury District Hospital. These 
patients were regular users of the dual channel stimulator supplied by the Hospital. A. 
physiotherapist was allowed to program the system according to the patients' needs. The 
flexibility and user-friendliness offered by this system realised a fast and easy setting up 
of the stimulation parameters, thus reducing to a significant degree the length of the 
clinical sessions required. Given the success of this open-loop approach, the system was 
envisaged to be used for investigating the possibilities in dual-channel stimulation. For 
this, the software in the stimulator would need to be modified to expand its functional 
capabilities. This software should allow feedback from more than two foot switches, 
provide for two stimulation wavelets per channel each being independently triggered 
through foot switches' combinations, storage of statistical information, and amplitude, 
pulsewidth and frequency ramping. Funding for this work, will be supplied by Action 
Research, and it is anticipated that the results of this investigation will give some 
additional insights in which and how muscle groups will be stimulated in an eventual 
closed-loop system. This work however, is not part of the material to be discussed in this 
dissertation. Nevertheless, a preliminary investigation was carried out to further confirm 
the findings of the FES team based in Salisbury, regarding the benefits of plantarflexion 
stimulation during the stance phase of gait. This investigation is presented in the next 
chapter. 
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Figure 3.13 LabVIEW control panel A: Standard mode 
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Figure 3.14 LabVIEW control panel B: Special mode 
CHAPTER 4 
A PILOT STUDY IN THE EFFECTS OF 
ANKLE DORSI AND PLANTAR FLEXOR 
MUSCLE STIMULATION 
4.1 INTRODUCTION 
From observations and quantitative measures obtained using speed and energy 
consumption indicators in Salisbury District Hospital, the stimulation of plantarflexor in 
combination with dorsiflexor muscles proved beneficial in correcting the gait of 
hemiplegic patients. An attempt to confirm these findings using the dual force walkway 
platform based at the University of Surrey was made. Using this, changes in the 
temporal-spatial and vertical component of the ground reaction forces (GRF) could be 
measured [Hynd et al., 1994]. The results of this work were expected to further justify the 
possible use of the stimulation combination of plantar and dorsi flexors in the eventual 
closed-loop system. 
4, . 
4.2 SUBJECTS AND METHODS 
Two subjects who were regular daily users of the stimulator have been evaluated. The 
subjects have been trained in the use of a dual channel stimulator supplied by the 
Salisbury District Hospital. Subject A was a 45 year old male, 22 months post right sided 
CVA (left hemiplegic), who had been using single and dual stimulation for over 6 
months. Subject B was a 56 year old male, 60 months post right sided CVA (left 
hemiplegic), and had been using dual channel stimulation for over 6 months. For both III 1 
subjects, stimulation sequences were initiated by switches placed inside the shoe of the 
stimulated limb. I 
Four stimulation configurations have been tested in the following order: no stimulation, 
single channel (applied over the dorsi flexor muscles), dual channel (one applied over the 
dorsi and the other over the plantar flexor muscles) and finally a repeat of no stimulation. 
The results obtained have been determined from the average of two. runs with each 
configuration. In each run, the patient was walking once over the dual force platform 
walkway. Before data collection, the patient was allowed to rest and become familiar 
with the new set up. Where applicable, the stimulation amplitude was adjusted by the 
subject. The results from the last run (no stimulation) were compared with the first run's 
results, to determine possible effects of muscle fatigue. It is noted, that subject B did not 
108 
Chapter 4 Plantar flexor evaluation 
use the single channel configuration. The following gait parameters were determined for 
each of the above configurations: 
a. The average speed. 
b. Left and right stance times: the left/right stance time is defined as the time during 
which the left/right foot is in contact with the ground. 
c. Left and right double stance times: the left/right double stance time, is defined as the 
time during which while the left/right foot is in the stance phase, the right/left foot after 
swinging through, is also in contact with the ground. 
d. Left and right swing times: the left/right swing time is defined as the time during 
which the left/right foot swings through the air. 
e. Left and right step lengths: the left right step length is defined as the distance between 
successive right-left / left-right foot contacts with the ground. 
f. Left and right impulses: the left/right impulse is defined as the area under the force 
time graph during left/right stance phase. 
g. Left and right 2nd peak force magnitudes: these represent the forces involved during 
push-off in the corresponding leg, and are expressed in body weight. 
h. Time of 2nd peak: this is the time expressed as a percentage of the stance phase at 
which the 2nd peak occurs. 
4.3 RESULTS 
The vertical ground force waveforms for the two subjects are depicted in figures 4.1 and 
4.2. 
SUBJECT A 
m 
LL 
Time [seconds] 
Figure 4.1 Vertical component of GRF versus time - Subject A. 
V 
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F" 
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SUBJECT B 
0 
U. U. 
Time [seconds] 
Figure 4.2 Vertical component of GRF versus time - Subject B. 
A summary of the results obtained from both subjects are shown in Tables 4.1 and 4.2 
respectively. Apart from speed, the figures in the tables are expressed as a left over right 
ratio, and thus indicate the degree of symmetry in the gait. 
STIMULATION 
ARRANGEMENT 
NONE SINGLE 
CHANNEL 
DUAL 
CHANNEL 
NONE 
speed (m/s) 0.44 0.46 0.46 0.43 
stance times 0.72 0.72 0.80 0.76 
double stance times 0.65 0.93 0.96 0.77 
swing times 1.88 2.00 1.56 2.09 
step length 1.11 1.07 1.12 1.11 
impulse 0.63 0.64 0.68 0.63 
2nd peak magnitude 1 1 1 0.99 
time of 2nd peak 63.1 65.6 65 61 
Table 4.1. Summary of temporal-spatial and kinetic data for subject A 
No significant change in speed was observed in subject A with stimulation. However, an 
improved symmetry was observed in the stance, double stance and swing phase times, 
indicating an improved gait pattern with dual channel stimulation. It is noted, that the 
apparent big degradation in the swing times' symmetry with single channel stimulation is 
attributed to the small absolute values associated with the left/right swing times i. e. small 
changes in the absolute swing time values result in large changes in the swing times ratio. 
A small improvement in symmetry was also observed in the impulse results, indicating a 
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better symmetrical shifting of body weight during gait with dual channel stimulation. 
Referring to the 2nd force peak, it was concluded that no change in the push off force 
occurred with calf muscle stimulation. However, there was a small shift in the timing of 
the peak with respect to the stance phase duration towards more normal values. 
STIMULATION 
ARRANGEMENT 
NONE DUAL 
CHANNEL 
NONE 
speed (m/s) 0.78 0.84 0.86 
stance times 0.84 0.80 0.76 
double stance times 1.23 1.09 1.29 
swing times 1.43 2 2.04 
step length 1.01 0.98 1.03 
impulse 0.69 0.64 0.63 
2nd peak magnitude 1.02 0.99 1 
time of 2nd peak 63.47 65.1 63.41 
Table 4.2 Summary of temporal-spatial and kinetic data for subject B. 
The results from subject B were less conclusive. The symmetry in the stance times, swing 
times and impulse determined from the second no stimulation data sets, was less than 
those obtained in the initial set without stimulation. This could be attributed to fatiguing 
of the impaired leg. However, an increase in the double stance times symmetry was 
observed, which could be interpreted as an improvement in the symmetry of gait pattern. 
This is reinforced by the small shifting of the second peak's timing towards more normal 
levels. 
4.4 CONCLUDING REMARKS 
These results indicate an increase in the degree of symmetry with the inclusion of 
plantarflexion stimulation for subject A. The results for subject B were less conclusive. 
Nevertheless, for both subjects there was a change in timing of the push-off phase of gait 
toward more normal values. Overall the positive results are in accord with the perception 
of improvement stated by the subjects, and observed by the clinical team at Salisbury 
District Hospital. However, for both subjects, contrary to the reported increase in push- 
off associated with plantarflexion stimulation [Brandell, 1986; Bajd et al., 1994], no 
noticeable change in the vertical component of the GRF at push-off was demonstrated. 
This may be related to differences in the patients, the stimulator, the electrode sites and 
the timing of the stimulation sequences. Another possibility is that the anterior-posterior 
component of the GRF is significantly altered in these patients with plantar flexor 
stimulation (these are not measured by the existing force platform). 
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CHAPTER 5 
DEVELOPMENT OF FEEDBACK SENSORS 
5.1 INTRODUCTION 
The development of a portable closed-loop FES system to assist gait in patients suffering 
from paralysis / semi-paralysis, has always posed a challenge to biomedical engineers. To 
date, no portable systems have found routine clinical/home applications, because of the 
requirements of suitable aesthetic feedback sensors, and efficient control algorithms. The 
first is an important criterion, often determining the successful application of the system. 
At the present, the most commonly employed feedback sensors are goniometers (used 
mainly in standing FES systems) and foot-switches. Considering the number of 
goniometers that have to be fitted in order to obtain adequate information regarding the 
spatial position of the leg (e. g. need at least hip, knee and ankle goniometers), their 
application is hampered by the difficulty in daily fitting, and consequent poor cosmetic 
appearance. Similarly, although foot switches perform well in open-loop applications, the 
feedback information they provide is not sufficient in a closed-loop system. In an attempt 
to overcome these problems, a novel feedback approach has been suggested: the 
attachment of ultrasonic sensors on the heel, and toe sides of the shoe, to enable the 
dynamic measurement of the foot clearance from the ground and surrounding obstacles 
(e. g. stairs) during gait. These information were envisaged to be used by a controller, to 
maintain a safe clearance of the foot from the ground during gait in hemiplegic patients. 
However, the implementation of this, was hampered by the unavailability (at the present) 
in the market of ultrasonic sensors that would conform to the developed specification (i. e. 
small size, high frequency of operation). Nevertheless, after careful study on the 
principles underlying the construction of such sensors, it was concluded that their 
implementation was theoretically possible. In light of this, a portable foot-clearance 
measuring system using available sensors was developed, to assess the usefulness of the 
suggested feedback approach. 
This chapter first introduces the envisaged functional requirements of a practical closed- 
loop system. Based on these, a specification for feedback sensors is formulated. This is 
followed by a discussion in possible implementation techniques, leading to suggestions 
regarding the design of a feedback system. Finally, the methodology adopted in 
developing, and evaluating a system to assess the proposed feedback approach is 
thoroughly described. 
ýý 
ýu 
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5.2 REQUIREMENTS OF A FEEDBACK SYSTEM 
In this section, by assuming that any type of feedback can be utilised by the stimulation 
controller, the requirements of the closed-loop system are discussed in functional terms, 
and then using this, the detailed requirements of the feedback system are introduced. 
Functional requirements of the closed-loop system: 
" Ideally, the system should aim at producing a normal gait pattern, by compensating 
for disabilities in the impaired leg using electrical stimulation. This normal gait pattern 
could be referenced to a healthy subject, or the healthy leg of the patient. However, 
considering that normal gait is the co-ordinated function of a large number of muscles, 
the contractions of which are smooth and dependent on load, the realisation of this is 
contra-indicated by: 
- the limited number of muscle groups that can be stimulated using dual-channel 
stimulation, 
- the crude muscle contractions associated with electrical stimulation (a consequence 
of the non-physiological recruitment order of muscle fibres), 
- the inability of surface electrical stimulation over some muscle groups (such as calfs, 
hamstrings, gluteus) to produce a complete functional movement that would compare 
to the normal one, and 
- the inability of surface electrical stimulation to access deep muscle groups (such as 
the hip flexors and abductors), the functions of which contribute to the production of 
normal gait. 
Therefore, the closed-loop system should not be expected to compensate for all 
impairments associated with the hemiplegic's lower limb, and thus produce a 'normal' 
gait pattern. It should rather effect a safe gait, which in combination with 
physiotherapy, could result in the development of more 'normal' gait patterns. For 
example, consider a hemiplegic patient with disabilities in the lower impaired limb 
resulting in hip circumduction, inadequate knee flexion and foot-drop. Physiotherapy 
could target the prevention of hip circumduction, and possibly, correction of knee 
flexion. The closed-loop system would act as an adjunct to this, providing adequate 
dorsiflexion to clear the foot from the ground during swing phase, and thus produce a 
safe gait. In this way, the patient would be in a position to extend the physiotherapy 
sessions outside the clinic; the closed-loop system would make sure that a safe gait is 
always realised. In some ways, the system can be viewed as providing biofeedback to 
the patient: if hip circumduction is not consciously corrected by the patient (as advised 
by the physiotherapist), then foot clearance would be attained in a non-physiological 
manner (i. e. the leg would attain clearance through its cyclical movement). As a result, 
the system would not respond, since it would interpret this as the realisation of safe 
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gait. Conversely, the system would respond by increasing stimulation when hip- 
circumduction is consciously corrected, since this conscious correction would allow 
the effects of foot-drop to be manifested as inadequate foot-clearance from the ground. 
Therefore, the stimulation would provide a biofeedback to the patient, indicating the 
attainment of correct gait pattern (i. e. the hip is not circumducted). This approach is 
similar to EMG-triggered stimulation, since both techniques require the conscious 
effort of the patient to trigger stimulation. Consequently, certain beneficial outcomes 
associated with EMG triggered stimulation (such as improvement in voluntary control 
[Van Overeem Hansen, 1979; Fields, 1987]) could also be observed when using this 
closed-loop approach e. g. an improvement in volitional correction of hip- 
circumduction. 
Also, by using this approach an increase in the allowed time of the system's usage 
would be anticipated, since the adaptation of stimulation to the gait's requirements 
would enable minimum stimulation, and hence, minimum muscle contractions, 
resulting in a delay in the onset of muscle fatigue. 
" The system should alarm the patient when either muscle fatigue or spasticity can not 
be compensated for by the system. 
" The system should detect external obstacles, such as stairs, and adapt the stimulation 
accordingly. It is noted, that the stair climbing can be poorly assisted by present open- 
loop systems, because of the foot switches' failure to activate properly (the forces 
exerted on the foot-switches during climbing of stairs are not always big enough to 
effect their triggering). 
Based on the above closed-loop system's functional outline, the following specification 
regarding the requirements of the feedback system was formulated. 
Initial Specification 
A. General requirements 
A. 1. The sensors should be suitable for clinical and home/outdoor applications. 
A. 2. The sensors should raise the cost of the stimulator as little as possible since the latter 
is already relatively expensive. 
A. 3. The attachment/removal of sensors should be easy enough to enable daily fitting by 
a patient with limited hand function. 
A. 4. Any additional (to the stimulator) external unit should be portable. Ideally, it should 
draw power from the stimulator, i. e. not use additional batteries. 
114 
Chanter 5 Development offeedback sensors 
B. Feedback information requirements 
B. 1. Replication of heel switch's properties i. e. detection of stance and swing phases of 
gait. 
B. 2. The sensors should provide information relating to the vertical clearance of the foot 
from the ground. From observations in hemipegic gait, a measuring range of 0 to 50 mm 
was considered to be adequate in detecting foot-drop. Ideally, a resolution of ±1 mm 
would be acceptable considering the 'crude' adjustments expected to be made using 
electrical stimulation (higher resolutions would not be of any benefit, since electrical 
stimulation was not expected to finely adjust the clearance within less than a few 
millimetres). Ideally, the sensors should allow for ±80° horizontal and vertical tilting of 
the foot (this is the maximum expected range of motion of the ankle joint). 
B. 3. Additional information should be obtained regarding the horizontal clearance of the 
foot from external obstacles. Ideally this, as deduced from empirical observations, should 
have a range of around 100 mm within at least ± 10°, and resolution of ±1 mm. 
However, it was estimated (again from observations) that the range could be reduced to 
50 mm if required (this would enable the use of the sensors in B. 2. for this applications as 
well). 
B. 4. Ideally, detection of foot-eversion/inversion and foot-slap. 
B. 5. Ideally, detection of hip circumduction, and inadequate hip and knee flexion. 
The sensors should distinguish between stance and swing phases of gait; this would 
enable the triggering for the two channels of stimulation (specification B. 1). Also, the 
requirements B. 2 and B. 3 would provide information relating to the clearance of the foot 
from the ground and external obstacles (such as stairs) respectively. The 50 mm vertical 
distance range in specification B. 2 was considered to be adequate for the applications, as 
it was estimated that 30 mm would provide a safe clearance of the foot from the ground 
(this safety clearance was deduced from observations in hemiplegic gait). The resolution 
of ±1 mm would establish a ±3.3 % accuracy at the clearance of interest; this would be 
more than enough, considering the crudeness of muscle contractions obtained with 
electrical stimulation i. e. it was not expected for electrical stimulation to adjust the 
clearance within millimetres; a more realistic expectation would be its maintenance within 
a 10 mm band: The ± 80° horizontal and vertical tilting would account for excessive' 
eversion/inversion and foot-drop respectively. The range and resolutions in the horizontal 
sensors (in specification B. 3), would enable the development of algorithms to facilitate 
the climbing of stairs: The requirements. in B. 4 and B. 5 would enable the detection of gait 
deficiencies common to hemiplegic patients. The detection of inversion/eversion was 
expected to trigger an increase in the dorsiflexor muscles stimulation (assuming that the 
surface electrodes are placed over the correct sites). Inadequate knee-flexion could be 
corrected by stimulation of the hamstrings. However, hip flexion and circumduction can 
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not be adequately corrected by surface electrical stimulation [Stanic et at., 1991]; their 
detection would add to the statistical information recorded relating to the effectiveness, 
and usage of the system. 
C. I. Reliable performance with ageing. 
C. 2. Immunity to noise e. g. electromagnetic noise, acoustic noise etc. 
C. 3. Perform under all terrain (e. g. grass, uneven ground, wet pavements and carpet), and. 
environmental conditions (e. g. should withstand temperature and humidity variations). 
The above specification seeks to ensure reliable operation under all environmental 
conditions and terrain, at all times. 
5.3 CANDIDATE SENSORS 
Based on the above specification, discussions with colleagues and a search in the 
literature and market for candidate sensors were conducted. The findings of this research 
are summarised below. 
Goniometers (e. g. supplied by Penny & Giles Biometrics Ltd'): The goniometer is a 
common means of feedback in FES systems (e. g. standing systems for paraplegic 
patients). However their application would enable only calculation of the leg's position 
relative to level ground (specification B. 3 would not be complied with). Furthermore, 
three goniometers would need to be employed to realise this; one at the hip, one at the" 
knee and one at the ankle. This would result in a complex system, making daily fitting 
unacceptably difficult. 
Accelerometers (e. g. ADXLO5 supplied by Analogue Devices)/Velocity meters (e. g. 
rate gyro sensors supplied by Murata Electronics Ltd2): The output of these sensors 
could be used to calculate relative movements (and from this determine the distance) of 
the foot with respect to level ground. Therefore, two sensors, at the heel and toe sides of 
the foot, could be employed, to determine the distance of the heel and toe from the ground 
respectively. However, they could not be used in the present application because: 
" as with the case of goniometers, requirement B. 3 would not be satisfied, 
" existing velocity meters are too bulky to be attached on the shoe, 
I Penny and Giles Bioetrics Ltd, Pontllanfraith, Blackwood, Gwent, U. K. 
2 Murata Electronics Ltd, Oak House, Anncells Business Park, Fleet, Aldershot, Hampshire. 
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" the integration (and in the case of accelerometers, double integration) required to 
determine distance, would magnify errors caused by the sensors' tolerances (e. g. a D. C. 
offset would be interpreted as a steady increase / decrease of distance). 
Tilt (e. g. Mercury tilt switch supplied by RS) / proximity (e. g. ultrasonic proximity 
switch supplied by RS) switches: These sensors could be used to set thresholds, beyond 
which a certain action would be taken e. g. a proximity switch at the heel, activating at a 
30 mm clearance, could be used to trigger dorsiflexion stimulation. However, as the 
control algorithm was envisaged to produce an output dependent on the error between the 
present and target condition, the implementation of the resolutions presented in the above 
specification (B. 3, B. 4) were of overriding importance. 
Miniature Distance-Measuring sensor: Direct distance-measurement was considered to 
be the most appropriate approach to the problem. It would satisfy the main functional 
requirements discussed in specification B. 1, B. 2 and B. 3. Presupposing the sensors' small. 
size, they could be attached on the shoe, thus making the task of daily fitting easier; the 
user would only require the plugging of the sensors to the stimulator i. e. the daily 
attachment of the sensors on the shoe would not be required. However, these sensors 
would fail to provide information relating to the hip and knee angles (requirements B. 4 
and B. 5). As a result, the closed-loop system would not distinguish between individual 
gait deficiencies (inadequate clearance of the heel from the ground could be interpreted as 
inadequate hip flexion, or inadequate knee flexion, or a combination of the two. ) 
Nevertheless, this would be an acceptable compromise considering that the envisaged 
system was not expected to correct for individual deficiencies. Furthermore, since hip 
flexion and circumduction would be used only to enhance the statistical database 
(explained in section 5.2), their detection was not of overriding importance. Therefore, 
considering the promising prospects of this approach, present distance measuring 
techniques were investigated. 
5.4 PRESENT DISTANCE MEASURING TECHNIQUES 
At the present, the established distance measuring techniques come under the following 
headings: 
5.4.1 TRIANGULATION 
This distance measuring technique is based on plane trigonometry and allows the 
calculation of the distance (D) at point C from two points A and B, a known distance 
apart (d) (figure 5.1) ). The calculation depends on knowledge of the angles a and P. 
Thus, if two sensors are located a known distance apart, and are used to measure the angle 
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between the sensors and the lines to the target point, then the distance to the target point 
can be calculated. 
A 
1 
le 
D= 
d 
1/tan a+ 1/ tang 
C 
Figure 5.1 Triangulation: The above equation has been derived by dividing the ABC triangle into 
two right angle triangles, and subsequently applying basic trigonometry. Based on a schematic by Carlin , 
1960. 
However, for the required applications the employment of this technique would give 
erroneous results once the foot was tilted at an angle relative to ground (figure 5.2). 
TRANSMITTER RECEIVER 
L 
H 
. .................. 
D2 a 
1 boundary at an angle 
D1 relative to the sensors 
7 
boundary (ground) 
Figure 5.2 Limitations in triangulation technique: The diagram depicts the transmitter and 
receiver placed a known distance apart, measuring the distance from the boundary using the triangulation 
technique; in this arrangement, angle a, ß and distance d are known, and the range to the boundary is 
recorded through distance L (L varies proportionally to the range from the boundary). It can be seen from 
the diagram, that when the boundary is tilted relative to the sensors, the range to the boundary is magnified 
because the increased angle of incidence (y/2) results in a decreased angle ß, and hence, an increased 
distance L (diagram not to scale). 
." 
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Here, the distance D2 between the transmitter and obstacle would be erroneously 
magnified to distance DI This error is at its worst when further tilting results in no 
reflection being detected at all. Therefore this technique could only be applied in cases 
where the foot is aligned parallel to the ground, and thus could not comply with the 
requirements (B2 and B3) in the specification. 
5.4.2 CONTINUOUS WAVE TECHNIQUES 
A common technique in range measurement employs the phase modulation principle. 
Here, a continuous wave of energy is emitted, and a portion of this is reflected by the 
target object and returned to the detector. The relative phase shift between the emitted 
and referenced beam is measured, and this phase shift is a function of the distance 
travelled and hence the range to the target. This can be implemented using 
electromagnetic, laser or acoustic waves. The first could not be implemented in a portable 
system because of the requirements of high frequency of operation for high resolutions 
(this technique requires the wavelength to be at least equal to the required range, in this 
case 50 mm; this corresponds to a frequency of 6 GHz - the frequency could be 
decreased, but at the expense of resolution), complex accompanied circuitry and an 
antenna. To reduce the size of the antenna the frequency of operation should be driven 
high in the order of Gigahertz (antenna length must be at least quarter of the 
electromagnetic wavelength for high gain). Also problems would be encountered from 
cross talk between the transmitter and receiver antennas, since it is difficult to achieve 
high directivity with small antennas. 
Phase modulation using laser techniques was a more plausible approach. Common 
semiconductor sources (such as Galium Aluminium Arsenide) come in small sizes and 
are readily available in the market. However, from discussions with optical researchers in 
the university, the following possible limitations in the technique were identified: 
" The production of frequencies other than the natural frequency of the source, can be 
implemented using direct current modulation. However, for the high frequencies of 
interest (maximum of 6 GHz as calculated above), the modulation bandwidth of the 
source should be within a few Gigahertz. Laser sources of such high bandwidths are 
more difficult to obtain, and more expensive. The same problem applies for the 
detection source, the photodetector (a 1GHz bandwidth laser source/photodetector and 
accompanied circuitry, for laser range finding applications would cost $2,750 - taken 
from New Focus Inc, USA. ). 
" The electronic generation of this high modulation frequency, and phase meter would 
require complex electronic circuitry. This could compromise the size of the eventual 
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feedback system; as previously mentioned, keeping the size of the feedback system to 
minimum was imperative. 
" The natural frequency of the laser source would be critical in determining the optical 
characteristics of the beam (e. g. reflection, refraction, absorption, scattering). 
Considering the small wavelength of laser beams (in the order of nano metres), 
scattering of the beam was expected in dusty / moist environments. This would 
constrain the application of the system to clinical environments (contradiction with 
specification C. 2). Problems could also be encountered with absorption e. g. the 
absorption of a laser beam in the visible spectrum, would vary with the colour of the 
boundary. 
Considering the discouraging outcomes of this preliminary research, and the lack of 
expertise of the author in the field, laser techniques were not further investigated. 
Regarding the implementation of the technique using acoustic waves, the preliminary 
investigation was more positive; the low speed of sound (340 m/s) would overcome the 
problems encountered with the requirement of high frequencies of operation. For the 50 
mm range of interest, the modulation frequency would be 6.8 kHz ( frequency = speed of 
sound / wavelength). This could easily be implemented using existing ultrasonic 
transducers. The properties of acoustic (ultrasonic) waves with regards to their use in 
measuring distance is detailed in section 5.5. 
Another continuous wave technique is frequency modulation, whereby the frequency 
emitted is varied above and below a centre frequency. The latency (proportional to the 
distance between emitter and target) in reception of the signal results in a frequency 
difference between the emitted (reference) and reflected signal. This difference in 
frequency (beat frequency) is proportional to the distance travelled by the transmitted 
beam. This technique can be implemented using electromagnetic, laser or acoustic beams. 
The first two techniques could not be applied due to the short flight times (as deduced 
from the speed of light using -after rearranging- equation 5.1) involved in the short 
ranges of interest i. e. for a resolution of 1 mm (and therefore, when accounting for the 
return of the beam, a path distance of 2 mm), the frequency should change every 66 ps 
(this is the flight time of the beam). This corresponds to a frequency changing rate of 15 
GHz. Such high rates of frequency modulation would result in very complex electronic 
circuitry, and therefore could not be employed in the present application. However, the 
implementation of this technique using acoustic waves was possible because of the low 
speed of sound, and hence, the requirement of lower frequencies. 
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Interferometry which is the comparison of fringes resulting from the interference between 
energy waves travelling at different paths was excluded from this application, as it would 
require the capturing of the image, and its subsequent analysis which would inevitably 
result in a complex system (additional problems would be encountered by uneven 
surfaces). 
5.4.3 PULSED-ECHO TECHNIQUE 
This technique measures the time-of-flight between the emission of an energy pulse and 
the return of its echo (figure 5.3). 
Boundary 
T 
Figure 5.3 Pulse-echo technique. 
The distance between the sensors from the target can be determined using the following 
equation: 
where, 
dis tan ce = 
cos ax High time x speed {Eqn 5.1 } 
2 
a is the angle of incidence (usually small and for all practical purposes can be 
omitted; for a transducers' separation of 10mm, and a range to the boundary of 
50mm, the measured range is 49.75 mm i. e. there is 0.25 mm error), 
flight time is the time elapsed between transmission and reception of the pulse, 
and speed is the speed of the wave (e. g. sound, light) in the media. 
The division by two, accounts for the double distance the pulse has travelled in order to 
reach the receiver. The energy pulse can either be electromagnetic, laser or acoustic. 
However, considering the high speed of light and the short distance ranges of interest in 
this application, only acoustic energy pulses (ultrasound) were further considered i. e. the 
high speed of light would result in undetectable short time-differences between the 
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emitted and reflected beam, at such short ranges; the slower speed of sound would 
overcome this problem. 
This technique was preferred over either phase or frequency modulation techniques, 
because it has the advantages of being simpler and less power demanding. It has found 
wide applications in robotic range systems [Carlin, 1960; Borenstein and Koren, 1988], 
and has also been employed in Polaroid cameras for their auto focus system. It has the 
advantages of being simple and requiring low power, thus enabling its application in a 
portable distance-measuring system. In addition, certain types of ultrasonic sensors are 
readily' available at low costs, requiring simple driving/processing hardware. However, 
before proceeding any further, the physical properties of ultrasound were investigated to 
determine possible drawbacks that would affect the performance of the system in this 
particular application. 
5.5 ULTRASONIC THEORY 
The relevant factors considered along with their description, and possible effects on the 
eventual system are described below: 
5.5.1 VARIATIONS IN SPEED OF SOUND IN AIR 
It can be shown [Cracknell, 1980, pp20] that the velocity varies proportionally to the root 
of the temperature as illustrated in the equation below: 
C= 
F 
V 
yM {Eqn 5.2} 
where, c is the speed of sound (in metres per second), 
y is the ratio of the specific heat capacities of air at constant pressure and 
volume respectively, 
M is the mass of one mole, 
T is the temperature (in Kelvin), 
and R is a gas constant. 
Therefore, given the resolution of the system (± 1 mm) and using the above equation (for 
calculating the changes of speed with temperature) and equation 5.1 (for calculating the 
distance changes corresponding to the speed changes), a temperature range over which the 
system could operate, would be between 15 °C to 30 °C (i. e. the system would tolerate 
around 15° temperature fluctuations). However, should it be required to operate beyond 
this range, the system could be equipped with a temperature feedback to account for 
extreme fluctuations in temperature . 
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5.5.2 ATTENUATION 
For a beam of ultrasound, the acoustic pressure of a wave when travelling through air is 
described by the following equation [Cracknell, 1980 pp38]: 
P =(wpc4)exp(-apx) 
= Po exp(-a,, x) 
where P is the pressure level, 
o is the angular frequency of the sinusoidal pressure wave, 
p is the density of the media, 
c is the speed of sound, 
4 is the particle displacement in the media, 
Po is the maximum pressure level at distance x=0, 
cx is the attenuation coefficient, and 
x is the distance. 
{Eqn 5.3) 
The value of the attenuation coefficient, depends on the effects of the two mechanisms 
described below: 
i. Absorption of energX by the medium. 
As the sound wave propagates through the air medium, energy is absorbed by the latter, 
increasing the translational and internal energies of its molecules. The attenuation 
coefficients associated with this absorption vary with the square of the frequency; typical 
attenuation coefficients per square frequency (cxv / f2 ) derived from literature are in the 
order of 1.85 10-" Npm 1 s2 [Cracknell, 1980 pp 41 ]. Using this value in equation 5.3, the 
decrease in pressure level associated with increasing frequency at a distance of 100 mm 
(this is the range of interest) is depicted in table 5.1. 
Frequency 
(kHz) 
Percentage ratio of pressure level to 
maximum pressure level at 10 cm 
(P/P0 %). 
Decrease of pressure level per 
10 cm distance expressed in dBs 
(20log[P/Po]). 
40 0.999 - 0.008 
60 0.993 - 0.06 
80 0.988 -0.10 
100 0.981 -0.16 
Table 5.1 Attenuation with increasing frequency 
Therefore these preliminary calculations indicate that the absorption attenuation would 
not play a significant role over the distance ranges being investigated. 
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ii Deflection and scattering 
The effect of deflection (i. e. reflection, refraction, diffraction) and scattering (i. e. the 
'break-down' of the beam resulting in multiple beams diverging in all directions) depend 
on the number and size of impurities in the air (e. g. dust, water) or abnomalities on the 
reflecting surface. Generally, the greater the size of the impurities/abnomalities, the less 
the scattering and greater the deflection (i. e. change of direction of the whole or part of 
the main beam). However, for wavelengths less than a third of the impurity's/abnomaly's 
size, the scattering increases as the third power of the latter, and the fourth power of 
frequency (Rayleigh scattering) [Cracknell, 1980 pp52; Carlin, 1960, pp. 19]. It is 
difficult to quantify the loss of signal through these mechanisms. However, from the 
current availability of commercial -ultrasonic ranging systems in air (supplied by 
Polaroid), it is understood that the above attenuation mechanisms do not pose a serious 
problem at frequencies up to 200 kHz . 
There is an additional source of attenuation 
(besides the one depicted in equation 5.3) which is dependent on the shape of the 
generator and is independent of frequency. This decrease obeys the inverse square law (or 
spherical divergence) and results in 6 dB intensity drop per distance doubled i. e. the 
amplitude of the echo is halved per distance doubled (Appendix A3). Also, as illustrated 
in Appendix A3, the acoustic pressure will vary proportionally to the tangent of the angle 
of divergence. 
5.5.3 REFLECTION AND REFRACTION 
Consider a beam of sound incident normally to a plane boundary which separates two 
media 1 and 2, having characteristic impedance Z1 and Z2 respectively (characteristic 
impedance is defined as the product of the medium's density and sound velocity). At the 
boundary, the ratio of the intensities of the reflected to that of the incident wave defines 
the reflection coefficient (a, ), while the ratio of the intensities of the transmitted wave to 
that of the incident wave defines the transmission coefficient (a). These coefficients are 
described by equations 4 and 5 respectively [Blitz, 1963 pp25]. 
) a' =(Z 1>2 { Egn4.4 Z+Zz 
ýZ 
Z'Z22 { Eqn 4.5 } 
+Z2)2 
From calculations using the above equations and values for the characteristic impedance 
of air (430 kgm 2 sec'') and common solid materials (in the order of 106 -10' 
kgm Z sec') obtained from literature [Blitz, 1963 pp26], the reflection and transmission 
coefficients are calculated to be approximately 99% and 1% respectively. Therefore, for 
all practical purposes it can be assumed that for this application acoustic energy is totally 
reflected from solid boundaries, and no refraction occurs (using the above procedure, 
similar reflection coefficients have been calculated with liquid boundaries). However, the 
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scattering effect associated with certain materials of a porous structure (e. g. foam, certain 
types of carpet) would attenuate the reflection echo. An experiment conducted using 40 
kHz ultrasonic transducers (described later), revealed that although the reflection weakens 
considerably under carpet, an echo can still be distinguished (figure 5.9). 
5.5.4 NOISE 
There are a lot of ultrasonic noise sources in the environment. These include frictional 
effects (e. g. from the car's tyres - upper limit 30 kHz), metal resonance (maximum limit 
-90 kHz) and spark discharges (300 kHz) [Carlin, 1960 pp 2]. Although the noise 
spectrum covers a wide range of frequencies, high frequency noise (in the range of 100 
kHz) is greatly attenuated in air (because of the absorption, scattering - section 5.5.2 (i) 
and (ii)). Therefore, operation at frequencies in the range of 100 kHz, was anticipated to 
provide acceptable immunity to environmental noise. 
5.5.5 DIRECTIVITY 
The angular width of the beam, a (refer to Appendix A3 for schematic), varies with the 
wavelength X and diameter D according to the equation below: 
sin (cc /2)%tsD for, %<D {Egn5.6} 
Therefore, given the required beam width of 160° (beam angle of 80°), and if the 
transducer's diameter was set at 5 mm (to enable small size), the resultant minimum 
wavelength would be 5 mm. It is noted that when the diameter is equal to the wavelength, 
the polar diagram of the source becomes more spherical, and the side lobes disappear. 
[Gooberman, 1968 pp 33]. Although this also makes equation 5.6 inaccurate, the 
disappearance of the side lobes will cause continuous (but uneven) radiation of energy 
through a beam width of 180°. Therefore for simplicity, it will be assumed here that with 
a wavelength of 5 mm, the radiation energy covers the required beam width (160°). This 
wavelength corresponds to a frequency of 68 kHz, which (since it is less than 100 kHz) 
makes the system most susceptible to ambient noise (see above section). Therefore a 
compromise should be reached between diameter of transducer, frequency of operation, 
and angular beam width. This is discussed in the next section. 
5.6 PRELIMINARY CONCLUSIONS AND REFINING OF 
INITIAL SPECIFICATION 
From the above characteristics of ultrasound it was concluded that determining distance 
using the ultrasonic-based pulse echo technique was a plausible approach. However, 
certain compromises had to be made with the initial specification. These, along with an 
overview of the envisaged feedback system are presented below: 
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a. From some preliminary investigation on the properties of existing ultrasonic 
transducers, it was concluded that to enable close-range measurements, separate 
transducers for transmission and reception should be employed. In this way, delays 
required by a single transducer for oscillations to die out after transmission would be 
avoided. Therefore, it was imperative to keep the size of each transducer as low as 
possible, to enable small size of the eventual sensor; if the diameter of each transducer 
was set at 5mm, the area of the eventual sensor would be 1x0.5 em2 . An additional 
restriction on the width of the sensors to 5 mm, was expected to enable an acceptable 
cosmetic appearance of the sensors. 
b. The clearance of the foot from the ground would be enabled through two sets of 
sensors, situated on the heel and toe side of the foot respectively. The horizontal range- 
scanning would be achieved by an additional set of sensors attached on the toe side of the 
shoe. These miniature sensors could be attached externally to the shoe as shown in figure 
5.4. To avoid external electrical noise interference picked up by long wires, the 
decoding/processing circuit should be attached on the shoe as well ( the circuit should be 
implemented using surface mount technology to keep the size to a minimum ). 
In order to keep the diameter within 5mm, the ultrasonic beam should either have a 
restricted angular width of 84° (instead of 160° in the specification-derived from equation 
5.6) to keep the frequency at 100 kHz (and hence minimise interference from ambient 
noise), or have a frequency of 68kHz and keep the beam *width as stated in the 
specification (i. e. 160°). The first would add a restrain on the tolerated degrees of eversion 
/ inversion, and foot -drop. Nevertheless, this would not pose a problem, as a minimum 
stimulation level applied when in the swing phase of gait could be set prior to the 
routinely usage of the system, based on observations in the disability of the patient; this 
level would correct excessive tilting of the foot. However, the higher frequency of 
operation would inevitably result in an attenuation of the echo signal, especially when 
boundaries with high scattering effects are encountered (e. g. carpet). This would mainly 
affect indoor applications. On the other hand, if the frequency is reduced to 68kHz, then 
ambient noise might interfere with the measurements. This could make the system unsafe 
for outdoor applications (e. g. while the foot is swinging in the air, interference from 
ambient noise could result in a detection of a signal by the heel receiver; this could be 
interpreted by the system as the beginning of stance phase, and reduce the dorsiflexor's 
stimulation). Therefore, in either case, the safety of the system would be compromised. 
These problems could be overcome by incorporating two foot switches, fitted inside the 
shoe of the patient (this is a common arrangement in open-loop systems), figure 5.4. 
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Connector to stimulator Heel switches inside shoe 
Figure 5.4 Envisaged sensor arrangement: a= Ultrasonic driving/decoding circuit, b= heel 
sensor, c= horizontal sensor, d= toe sensor. Note that each sensor (although not shown for the case of the 
heel and toe sensors) consists of an ultrasonic transmitter and receiver. The diagram is not drawn to scale. 
The output of these, could be fed into the external ultrasonic drive/decoding unit, thus 
avoiding the inclusion of extra long wires on the patient (the ultrasonic unit, which could 
be microcontroller based, would then transmit digitally through a pair of lines all the 
information to the stimulator). In this way, the operation of the sensors would be 
referenced to the foot switches and vice versa. For example, if the heel switch indicated 
heel strike, and the heel ultrasonic sensor did not detect an echo (because of the encounter 
of a boundary causing the scattering of the echo), then the controller would refer to the 
foot switches for input. However, if a certain clearance is'detected by the heel ultrasonic 
transducers which is not reflected on the output of the heel switch, then the controller 
would refer to the ultrasonic transducers for input (in this case, an alarm should be 
activated, to inform the patient of the foot-switches malfunction). Using this arrangement, 
the system could be safely used in all environments. 
c. To avoid direct contact of the sensors from the ground (this could be damaging), the 
sensors could be attached a few millimetres from the bottom of the shoe. This would 
impose a limitation in the angular beam range that could be measured by the sensor i. e. 
during high dorsiflexion the sensors would not receive any reflection from the ground. 
However, this would not pose any problem, since the mere existence of dorsiflexion 
beyond an angle which would align the foot in parallel to the ground, would imply that no 
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compensation by the FES system is required. Another problem which could be 
encountered, was the damage of the toe- 
side sensors resulting from 'kicking' (a common characteristic of hemiplegics resulting 
from their low voluntary control over the impaired leg). This problem could be alleviated 
by displacing the toe sensors sideways. 
d. The ultrasonic transducers should' withstand dusty and moist environments to enable 
the outdoor application of the system. It is noted though, that the envisaged system would 
not perform in wet environments, as the accumulation of water droplets over the surface 
of the transducers would result in erroneous readings. Although this restricts the 
application of the ultrasonic system to dry environments, the incorporation of the foot- 
switches enables the application of the whole system in all environments. Consequently, 
the safety of the whole system is not compromised. 
It is emphasised, that further investigation into alternative distance measurement 
approaches to overcome the above limitations of the range finding system was not 
conducted, since the only possible alternative as discussed in section 5.4.2 was phase 
modulation using laser media, which was also subject to environmental constrains. 
Therefore, it was decided to proceed with the implementation of the present design. 
Towards this end, the research was directed at investigating suitable ultrasonic 
transducers. 
5.7 ULTRASONIC TRANSDUCERS 
A thorough search in the market revealed that existing air ultrasonic pulse-echo based, 
systems, are used for long distance ranging only (in the order of several meters). 
Applications of these systems include range finding in robotics and auto-focus systems in 
cameras. As a result, the ultrasonic transducers manufactured to date are bulky, and hence, 
unsuitable for the present application. In addition, designing transducers that would fit the 
specification (small size, high frequency of operation, and application in dusty/moist 
atmospheres) is outside the expertise of the author, and likely to be expensive for the 
project's budget. It was therefore decided to confirm that theoretically the development of 
such transducers was possible, and subsequently proceed with the implementation of a 
portable system for vertical range measurements only, using readily available transducers; 
this would serve as a preliminary evaluation of the feedback approach suggested. 
From an extensive search in the literature and industry, it was found that common 
ultrasonic transducers for air applications fall into the following categories: electrostatic, 
and piezoelectric. Each of these is further elaborated below. 
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i Electrostatic transducers 
These operate in a fashion similar to electrostatic loudspeakers (and microphones); when 
a steady potential difference is applied across two parallel metal plates, a force of 
attraction is experienced between them. If one of the plates is freely supported, the other 
vibrates in response to the applied voltage. Conversely, mechanical stresses can be 
converted into electrical signals. A wide range of these type of transducers are 
manufactured by Polaroid Ltdl. Their nominal frequency of operation lies between 40 to 
50 kHz, but from literature it was noted that they could operate up to frequencies of 300 
kHz (the present design in Appendix A4 can easily be driven up to 100 kHz)[Blitz, 1963 
pp 80]. The main disadvantage of the transducers supplied by Polaroid is their large 
diameter (3 8 mm), which not only enhances the power output of the transducer, but also 
converges the beam angle to 10° (i. e. beam width of 20°). A reduction in diameter and an 
increase in frequency would result in a decreased directivity and a reduction of the waves' 
power being transmitted. An attempt to quantify the effects of the reduced diameter at the 
two frequencies of interest on the power of the echo received has been carried out in 
Appendix A4. This analysis compares the output of the existing design at the guaranteed 
measuring range, with the theoretical performance of the modified design at a range of 5 
cm. An attempt to quantify the effects of scattering associated with higher frequencies of 
operation is also included in the analysis. The results from this are presented below: 
SPL (Sound Pressure Output Voltage from 
Level) at receiver (Pa) receiver (mV) 
Existing design at 0.316 2.5 
guaranteed range 
(diameter 38mm, 
frequency 50 kHz) 
Modified design at 5cm 2.296 18 
range (diameter 5 mm, 
beam angle 80°, frequency 
68 kHz) 
Modified design at 5cm 9.795 78 
range(diameter 5 mm, 
beam angle 42°, frequency 
100 kHz) 
Table 5.2 Results from analysis using the electrostatic design. 
It can be seen from the above results that the signal received using the modified design is 
stronger than with the existing design at the guaranteed range. Therefore, it can be 
1 Polaroid Corporation, OEM Components Group, Cambridge, Massachusetts. 
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concluded that this design can theoretically be used to implement sensors which conform 
with the specification. 
Li Piezoelectric transducers 
These are the most common ultrasonic transducers. They base their operation on the 
piezoelectric effect which occurs in crystals (either natural or artificial) having axes of 
non-symmetry. When an electric field is applied in the direction of an axis of non- 
symmetry, the crystal will be mechanically strained, the amount of strain being 
proportional to the intensity of the applied field. Conversely, an applied mechanical stress 
will result in the appearance of electric charge on the crystal's parallel surfaces. Using the 
piezoelectric effect two types of transducers can be implemented, namely open and 
enclosed transducers. The first, incorporates the ceramic element (possessing 
piezoelectricity) of a monomorph type with a conical metal resonator (figure 5.5). The 
latter dictates the frequency of operation. These transducers offer high sensitivity/output 
efficiency, small size but their applications are restricted to non-dusty/moist air. This 
makes them unsuitable for the present application. 
Ceramic material 
Metal cone resonator 
Figure 5.5 Open type design. 
The enclosed type design, has the piezo bender mounted directly on the underside of the 
top of the case which is then machined to resonate at the desired frequency. As these. 
transducers are designed for dusty or outdoor applications, they are promising candidates 
for the proposed application, and therefore will be further discussed. 
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The resonance of these transducers is usually dictated either by their width (thickness 
mode resonance), or by the diameter of a metal bending element under which a 
piezoelectric element material is cemented (radial mode resonance). In the former case, it 
can be shown that when the width is adjusted to half the wavelength of ultrasound in the 
material, then the latter resonates[Gooberman, 1968 pp. 62]. However, this design is most 
commonly used in high frequency applications (e. g. medical applications). In radial mode, 
lateral stresses excited by the transverse piezoelectric effect cause the deformation of a 
metal plate (figure 5.6). 
netal plate 
Supporting 
bars 
Figure 5.6 Radial mode resonance: The double headed arrows indicate the direction of vibration 
of the ceramic and metal plates. P indicates the width of the metal plate while D indicates the diameter of 
the metal plate. Taken from Kuttruff, 1991. 
The resonance frequency (f) varies with diameter (D), density (p) and width of the metal 
plate (ß) according to the equation below[Kuttruff, 1991]: 
f ac 
ßz {Eqn 5.7) 
DZ Irp 
The 400ET180/400ER180 (Appendix A5) family of transducers, operating in this mode, 
can achieve, a resonance of 40 kHz, with a diameter of 18 mm (and width of 12 mm - the 
company confirmed that the width could be brought down to a few millimetres). 
Therefore, for 68 and 100 kHz the operation (and using equation 5.7), the diameter would 
fall to around 13.8 and 11.38 mm respectively. These dimensions are too large for the 
proposed application. However, more recent products, such as the 40KT/KRO8 ( also 
operating in radial mode - Appendix A6) supplied by Polaroid, reduced further the 
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diameter to 9.1 mm (and width at 5 mm) at 40 kHz. In this case, the diameters at 68 and 
100 kHz would be 6.9 and 5.7 mm respectively. These dimensions are close to the ones 
stated in the specification (i. e. width and diameter of 5mm). The diameter could further 
decrease to the required value by either reducing the plate's width, or using an alternative 
metal plate with a higher density. However, the reduction in diameter, and the increase in 
frequency would reduce the power output of these transducers. The same analysis as in 
the case of the electrostatic design is employed to quantify these effects, and is presented 
in Appendix A6; the performance of the existing design at a guaranteed measuring range 
is compared with the theoretical performance of the modified design at a range of 50 mm. 
The results obtained from this, are presented in tabular form below: 
SPL (Sound Pressure Output Voltage (mV) 
Level) at receiver (pbar) 
Existing design at 9.57 1.6 
guaranteed range (diameter 
18mm, frequency 40 kHz) 
Modified design at 5cm 25.2 4.2 
range(diameter 5 mm, beam 
angle 80°, frequency 68 kHz) 
Modified design at 5cm 108 18.36 
range(diameter 5 mm, beam 
angle 42°, frequency 100 
kHz) 
Table 5.3 Results from analysis using the enclosed type design: (1 µbar= 0.1 Pa) 
The above results indicate that the enclosed type design can easily be modified to 
conform with the specification. Given the choice between the electrostatic and enclosed 
type design, the latter would be preferred as it can perform adequately with much less 
driving voltages. Further, operation at 68 kHz would be preferred, as this would allow 
better reflectivity from certain boundaries of porous structure, and reliable measurements 
with high tilting angles. The immunity to noise could be improved by adding some 
intelligence to the system e. g. the system could take into consideration the shape of the 
echo before taking measurements. 
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5.8 DESIGN OF A PORTABLE DISTANCE MEASURING 
DEVICE 
The development of this system aimed at providing an initial evaluation to the proposed 
feedback approach. Only the vertical ranging was implemented (i. e. measuring the 
vertical clearance of the foot from the ground), as this was of more significant importance 
in terms of allowing further developments; the horizontal ranging was envisaged to be 
used for developing algorithms for assisting climbing stairs, and hence, it was considered 
as a separate project all together. The priorities of the project lied with determining 
whether disabilities associated with the lower limb of hemiplegic patients (e. g. foot-drop, 
foot-slap) could be detected, and quantified using this feedback approach. 
Standard open type transducers were used because of their low cost, reasonable size and 
easy availability (see Appendix A7 for technical description). These transducers had a 
resonant frequency of 40 kHz, an angular beam width of 60° and could be driven by a 
maximum of 10 Vrms. The angular beam width is less than the one in the specification, 
but since there were subjects available with ankle range of motion within the above beam 
width, this was not a problem. 
A preliminary technical investigation conducted aimed at: 
" assessing the effectiveness of the pulse-echo technique over the range of interest. 
" investigating the reflection characteristics of ultrasound on different boundaries. 
" investigating the electrical circuitry required for driving the transducers. 
TX 
Connection 
RX 
to Main amplifier Pre amplifier 
oscilloscope 
Figure 5.7 Driving circuit: A digital pulse is converted to a single cycle sinewave and fed to the 
transmitter. The signal from the receiver is pre amplified using a differential amplifier, and subsequently 
further amplified by the main amplifier to produce outputs in the range of 0 to 5 volts. 
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The experimental set-up was simple, consisting of a driving circuit for the transducers, 
and an oscilloscope. The driving circuit is shown in block diagram form in figure 5.7. 
Referring to this, a microcontroller (16C71, also used in the development of the 
stimulator) generates a digital rectangular pulse of duration 12 µs, which passes through a 
2nd order Butterworth filter (its design is presented in Appendix A8) to produce an 
approximate 40kHz, single sinewave cycle. This signal is directly fed to the transmitter. 
For reception, the received signal is amplified using a differential configuration circuitry 
(its design is presented in Appendix A8), amplified, and then displayed on the 
oscilloscope. Using this arrangement, the reflection patterns on two boundaries, metal and 
carpet, were recorded as shown in figures 5.8 and 5.9 respectively. 
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Figure 5.8 Reflection on metal block: Captured by a digital oscilloscope. 
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Figure 5.9 Reflection on carpet: Captured by a digital oscilloscope. 
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The `oval' shape of the received echo, reflects the resonance of the transducers; the 
transmitter generates a signal, which decays with time exponentially. The receiver `builds 
up' the received signal to a maximum, and then follows this decay. 
It can be seen from the above figures, that as expected, the reflection obtained from solid 
boundaries is considerably stronger than from carpet. This is attributed to the scattering 
effect associated with carpet. This effect was anticipated to be exacerbated at higher 
frequencies. However, as discussed earlier, the incorporation of foot-switches in the final 
design, would safeguard against such weak reflections. An additional problem that had to 
be overcome was the overlapping of the unwanted coupling between the transducers with 
the signal (a photograph of the noise level as received by the ultrasonic transducer is 
depicted in figure 5.12). Present pulse-echo based systems, use a blanking signal to mask 
this unwanted coupling, and as a result have a minimum distance over which an obstacle 
can be detected. This obviously could not be applied in this case, as the signal of interest 
was lying within the unwanted coupling region. Two approaches could be taken to 
eliminate the effect of diffraction coupling. The first, which will be referred to as 
'digitising technique', eliminates the effect of the coupling after reception. The second, 
which will be referred to as 'destructive interference technique', attenuates the diffraction 
patterns before being received. 
5.8.1 ELIMINATION OF UNWANTED COUPLING USING THE DIGITISING 
TECHNIQUE 
This technique bases its operation in the digitisation of the unwanted signal; by digitising 
the latter and storing the samples in RAM memory at the beginning of each session, the 
echo can be extracted from the received signal by simple subtraction. The considerations 
regarding the implementation of this technique are presented below: 
" Sampling rate: For a resolution of lmm, then the number of samples per cycle can be 
calculated using the equation below: 
No. of samples per cycle( N. ) = Time of one cycle / time of flight for the resolution 
range 
v x2xdr 4OxlO3x20 lxlO_3 
5 {Egn5.8} 
f 
where v is the speed of sound in air, 
dr is the required resolution (1 mm), and 
f, is the resonant frequency. 
Therefore, for a resonant frequency of 40 kHz a sampling of 200 kHz would be required 
(this is well above the Nyquist frequency). 
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" RAM storage space: Using the above sampling rate, the number of samples for each 
measurement can be calculated using the equation below: 
no of samples stored = no. of samples per cycle x number of cycles required 
=NcxRx2=5x 
0.05x2 
_59 (Egn5.9) % 8.5x10' 
where R is the distance range (50 mm), 
N. is the number of samples per cycle, and 
7, is the wavelength of ultrasound in air. 
Allowing for the storage of two signals (i. e. the reference and the received signal) then an 
external RAM space of 118 bytes would be required. This system could be implemented 
using the 17C42 microcontroller and an external Analogue to Digital Converter (ADC) as 
illustrated in figure 5.10. 
lines 
17C42 
OSC2 
Bandpass 
Filter 
control lines 
d. c. offset 
ADC Amplifier 
OSCI 
TX \\ 
Figure 5.10 Distance measurement circuit using the digitising technique: The comm. 
lines (communication lines) enable communication with the stimulator. OSCI and OSC2 are the oscillators 
for the microcontroller and ADC respectively. Therefore, the transmitted pulse after being filtered and 
amplified, would be converted to acoustic energy by the TX (ultrasonic transmitter). The acoustic energy 
would be received by RX (ultrasonic receiver), and its output will be amplified and sampled by the ADC. 
The D. C. offset enables operation of the circuit without the requirement of a negative rail. 
The 17C42 would initiate/terminate the analogue to digital conversion, and the samples 
would be stored in its internal RAM space. If allow 10 cycles for the software required to 
read the output of the ADC and store it into the RAM, the 17C42's operation should be at 
least 8 MHz (10 cycles x4/ 5µs - note that the multiplication of the number of cycles by 
four, accounts for the division by four of the frequency clock by the 17C42). 
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The main disadvantage of this technique (besides having to sample the noise every 
session) was the higher power consumption (as compared to the destructive interference 
technique) that would result from the high frequencies of operation of the 17C42, and the 
additional ADC. 
5.8.2 ELIMINATION OF UNWANTED COUPLING USING THE DESTRUCTIVE 
INTERFERENCE TECHNIQUE 
This technique is based in the destructive interference observed when the transmitter and 
receiver were aligned at a certain horizontal angle to each other (see figure 5.13 for 
sensor arrangement). The underlying principle of this can best be understood if the polar 
diagram of the ultrasonic source is considered (figure 5.11). 
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Figure 5.11 Typical polar diagram of ultrasonic transmitter: Taken from the 
characteristics of the 400ET180/400ER180 family of ultrasonic transducers. 
From the above diagram it can be seen that at an angle of approximately 30° to the 
normal, the power of the emitted signal is reduced to zero (this is the result of destructive 
interference). If therefore a receiver was moved from 0 to 30° relative to the transmitter, 
the power of the signal received would decrease with increasing angle. Eventually, at the 
angle of 30° the received power would reduce to zero; this is called null-steering, and it is 
a common method for eliminating the unwanted coupling between a transmitter and 
receiver. It is noted, that although in the transmitter / receiver arrangement presented in 
figure 5.13 the polar diagram in figure 5.11 can not explain the destructive interference 
observed (the angular range of the polar diagram is not adequate), the same principle 
applies. 
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The repeatability of this effect was successfully evaluated from day to day basis in 
laboratory conditions. Small variations in temperature did not upset the alignment of the 
two transducers. The reduction in noise level achieved with this technique is illustrated in 
figures 5.12 and 5.13. 
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Figure 5.12 Noise level before alignment. 
1.20 
1.00 
0.80 
0.60 
0 0.40 
0.20 
on 
0.00 
-0.20 
-0.40 
-0.60 
-0.80 
Time (microseconds) 
Figure 5.13 Noise level after alignment. 
A disadvantage of this technique was the requirement of empirically aligning each 
ultrasonic transmitter and receiver pair in order to achieve destructive interference. As a 
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result, an optimum alignment that could be used for all ultrasonic transducers could not be 
defined. Also, this spatial alignment of the transmitter and receiver rendered the system 
unable to accurately measure distances within a 20 mm range, figure 5.14. 
R 
> 2cm 
Figure 5.14 Origin of error for distances below 2 cm: angle a= 30 °. 
This is because the angle of the transducers displacement approaches/exceeds the 
maximum angle of beam's divergence (angle a in figure 5.14) when the obstacle is within 
this range. This results in weaker reflections, thus introducing errors in the readings. This 
could be overcome by fitting the transducers (on the shoe) 20 mm above ground level 
thereby measuring distances between 20 - 70 mm. Further errors caused by the incomplete 
cancellation of noise, and measurements errors caused by the at an angle alignment of the 
transducers ( the measured distance is proportional to the time of flight and the cosine of 
the alignment angle - equation 5.1) was expected to be overcome in software. 
Although the 'digitising technique' would probably result in a more robust system, the 
driving/decoding circuitry would be more complex. For the purpose of evaluating the idea 
of on-line clearance of the foot from the ground measurements, it was considered more 
appropriate to use the 'destructive interference technique'; the design would be simpler, 
and the required circuitry could be implemented in conventional technology without 
compromising the portability of the system. If the distance-feedback concept would prove 
to be successful, then a more complex system could be developed, incorporating 
transducers operating at higher resonant frequencies (in order to avoid ambient 
interference), with the distance being calculated using the digitising technique (the 
circuitry required for the digitising technique would be in surface mount technology, thus 
achieving small size; the power consumption could be reduced by having the 17C42 
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shutting the circuit down whenever not in use). Therefore the project was directed at 
developing a system based on the'destructive interference technique'. 
5.9 IMPLEMENTATION OF THE DISTANCE MEASURING 
SYSTEM 
During aligning of the ultrasonic sensors, it was noticed that the gradient of the echo's 
envelope (see also figure 5.16) was changing with distance. This was mostly attributed to 
imperfect cancellation of noise, and partly to attenuation of signal with distance. It was 
envisaged that a software algorithm taking into consideration these variations in gradient 
with distance would improve the accuracy of the system. Further investigation into the 
relationship between distance and echoes' gradients was therefore made. A system was 
developed to extract key features of the ultrasonic echo at known distances, and 
subsequently transfer them to the PC for analysis. This system consisted of three units: 
the ultrasonic driver/decoder unit, the stimulator, and the PC (figure 5.15). The PC 
displayed instructions relating to the distance to be measured. The operator would respond 
by adjusting accordingly the distance between the transducers and a solid boundary. 
When ready, the operator would press a button, and information describing the ultrasonic 
echo would be transferred to the PC and stored in a file for future analysis. 
Ultrasonic Tranducers 
PC 
Boundary 
JILraýuiuc 
Driver/Decoder 
Unit 
Known distance 
Figure 5.15 System developed for echoes' gradients analysis: The ultrasonic driver / 
decoder unit provides a key features of the echo to the stimulator, which transmits them to the PC for 
analysis. 
A functional description of each unit shown in the above figure is presented below: 
5.9.1 ULTRASONIC DRIVER/DECODER UNIT 
This unit enabled the extraction of information relating to the distance of the transducers 
from the boundary and gradient, from the raw ultrasonic echo. 
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Figure 5.16 Example of indicators describing the ultrasonic echo. 
In order to minimise electrical circuitry, this information was derived by applying 
multiple thresholds (five) to the echo envelope, and recording the timings between each 
successive points where the echo exceeded these thresholds ( figure 5.16). Referring to 
this, T, , repiesents the fly time of the ultrasonic 
beam, thus providing an indication of 
the distance between the transducers and the boundary. T2 , T3 , T4 and TS provide 
indicators relating to the gradient (the gradient was inversely proportional to these 
timings). These were further processed to describe the number of wavelengths elapsing 
between successive cuts of the echo by the thresholds, using the equation below: 
GRAD. =(TT+l -T)xf for n=1,2,3,4 { Eqn 5.10 } 
where GRAD is the number transferred to the PC, 
T is the timing as represented in figure 5.16, and 
f is the frequency of the ultrasound wave ( the reciprocal of the time 
required for one wavelength). 
Therefore, referring to the echo signal presented at figure 5.16, the four bytes describing 
the gradient, GRAD 1, GRAD2, GRADS and GRAD4, would be 1,1,0 and 1 
respectively. The block diagram of the circuit realising the above functions is shown in 
figure 5.17. This hardware was also employed in the final system (see Appendix A8 for 
more detailed hardware description). 
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Figure 5.17 Hardware of block diagram driving the ultrasonic sensors. 
RX2 
The 'regulation block' performs the voltage regulation required to produce the ± 5V rails 
from two PP3 batteries. These were employed to allow oscillation of the received echo 
signal between the positive and negative rails (as referenced to ground). The 'driving 
block' produces a 40 kHz, one cycle signal, by extracting the first harmonic using a band 
pass filter from a digital pulse (supplied by the 16C71) of duration 12µs. This signal is 
multiplexed and subsequently fed to one of the two ultrasonic transmitters. The received 
echo after amplification (by the 'amplification blocks 1 and 2') is de multiplexed in order 
to record the output of the receiver of interest (i. e. if the toe transmitter was activated, 
then the echo from the toe receiver was read), passed through a filtering block (pass band 
centred at 40 kHz), passed through a peak detector (to extract the shape of the envelope) 
and subsequently, passed through the five thresholds ('threshold block'). The spacing of 
these thresholds has been determined empirically from observations of the received 
echoes on an oscilloscope. Each of the five outputs, is activated when the echo signal 
exceeds the corresponding threshold. These outputs are fed to the microcontroller for 
further analysis, and subsequent transmission to the PC via the SIGNAL line. The three 
lines, ENABLE, SIGNAL and GND enable synchronisation with, and transfer of 
information to, the stimulator. The ENABLE signal was asserted by the stimulator 
whenever a new distance measurement was required. The SIGNAL line enabled the 
downloading of the echo's data to the stimulator. The GND established a common ground 
with the stimulator (these signals are further discussed in the next section). 
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5.9.2 STIMULATOR 
The stimulator (discussed earlier in chapter 2) enabled synchronisation between the 
transfers of data to the PC and the activation timing of the transducers, and downloading 
of information from the ultrasonic driving/decoding circuitry to the PC. The first was of 
critical importance, as interference between the asynchronous transmission of data from 
the stimulator to the PC during the decoding of the received echo, was corrupting the 
measurements. The timing space of the 17C42 was divided into 50 ms slots (the functions 
of the stimulator were realised by modifying existing 17C42 software used in the open- 
loop system), each slot performing the transfer of information from the ultrasonic 
driving/decoding circuit to the PC as illustrated in figure 5.18. 
35 ms 15 ms 
ENABLE line 
is activated 
Generation of Downloading of 
ultrasonic information through 
pulses SIGNAL line 
Asynchronous 
communication 
Figure 5.18 Timing of the 17C42. 
Therefore, at the beginning of each slot the ENABLE signal was asserted through a 
digital output of the stimulator. The ultrasonic driving/decoding circuit would respond by 
activating the transducers, analysing the received echo, and subsequently downloading 
the data (i. e. flight time, GRAD 1,2,3 and 4) via the SIGNAL line to one of the digital 
inputs of the stimulator. The SIGNAL line conveyed the data information as digital 
pulses of width proportional to the data's values (i. e. the Pulse Width Modulation 
technique was employed). The pulse width corresponding to the data's value was 
described by the equation below: 
Pulse Width (µs) = Data value x2x 13 (Eqn 5.11) 
where the multiplication by 2 factor enabled an error scheme whereby only even numbers 
were accepted by the stimulator, and the . 13 µs multiplication 
factor was a constrain 
imposed by the 17C42's software. 
The data were preceded by a single pulse, describing the channel of operation (i. e. 
channel I was used for the transducers placed at the heel side, while channel 2 for the 
transducers in the toe side). Once the data were received by the stimulator, they were 
transmitted using the established protocol to the PC for further processing. 
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5.9.3 PC 
Software developed in C language enabled the display of instructions relating to the next 
distance to be measured on the monitor, further processing of the received information, 
and subsequent storage of these raw and processed data in a spreadsheet file (the EXCEL 
package from Microsoft was used - the format of the spreadsheet file is presented in Table 
5.4). The processing of data is illustrated below in a hypothetical case, whereby a 
boundary at a distance of 36 mm, is moved to 40 mm, at lmm intervals. The signals 
involved are illustrated in six figures (figures 5.19 - 5.25), found at the end of this section. 
This example attempts to give additional insights to the echo's interference with noise, the 
resulting errors in measurement, and the rules applied to the system to alleviate their 
effect. 
Supposing that after aligning of the sensors, the magnitude of the remaining noise and the 
echo's signal are as depicted in figure 5.19. The noise and signal would add up to produce 
the signal depicted in figure 5.20 (this is the signal that would be shown on an 
oscilloscope). The five lines lying horizontally in the graph represent the five thresholds. 
In this example, the second peak of the echo signal (shown in the figure 5.20 as cutting 
the Ist and 2nd thresholds) will be taken as being the reference for calculating the 
distance. Therefore, referring to figure 5.20, the fly time will be approximately 256µs, and 
GRAD 1,2,3 and 4 will be 0,1,0, and 1 respectively (these are shown also in Table 5.4). 
The ultrasonic drive/decoder circuit having a resolution of 4µs (a constraint imposed by 
the frequency of operation of the 16C71 -4 MHz, and the software) will read a fly time of 
64 (256 / 4), and as stated in equation 5.11 (64 being the data value), the pulse width 
through the SIGNAL line representing the fly time would be 1664 µs. From this, the fly 
time as recorded by the stimulator would be 128 (64 x2). This value will be downloaded 
to the PC, which will deduce the flight time (flight time = value received x2= 128 x2 
256µs), and from this, calculate the distance using the equation 5.1, which relates flight 
time with distance (distance = fly_time x speed of sound x cos (0)/2 - speed of sound 
being 340 m/s, 0 being 20°). Using this equation, the distance is calculated to be 41 mm. 
Notice, that this is greater than the actual distance, a consequence of taking the second 
peak, instead of the first, as a reference. This will give an error of -5 mm (i. e. error = 
actual distance - measured distance =36 mm - 41 mm). The changes in the waveform's 
shape as the boundary is moved a further 4 mm away from the transducers in steps of 
I mm, are presented in the next four figures. The corresponding processed results are 
shown in Table 5.4 
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Actual 
Distance 
(mm) 
Calculate 
d distance 
(MM) 
Fly time 
T, (µs) 
GRAD I GRAD2 GRADS GRAD4 ERROR 
(mm) 
36 41 256 0 1 0 1 -5 
37 37.7 237 1 0 1 1 -0.7 
38 38.3 240 1 0 1 1 -0.3 
39 43.4 272 0 0 1 1 -4.4 
40 44.4 278 0 0 1 1 -4.4 
Table 5.4. Example of file structure for storing the data. 
From the above results, it can be seen that there is a predominant average error of .- -4.5 
mm, with the error being reduced whenever GRADI has the value of one. Therefore, two 
rules could be applied to the system to compensate for these errors: 
Rule 1: Subtract 4.5 mm from all measured distances. 
Rule 2: Whenever GRAD 1 has the value of one, add 4 mm. 
Table 5.5. shows the corrected results obtained using these rules. 
Actual 
Distance (mm) 
Original 
distance (mm) 
Original error 
(mm) 
Corrected 
distance (mm) 
Corrected error 
(mm) 
36 41 -5 36.5 -0.5 
37 37.7 -0.7 37.2 -0.2 
38 38.3 -0.3 37.8 0.2 
39 43.4 -4.4 38.9 0.1 
40 44.4 -4.4 39.9 0.1 
Table 5.5 Results before and after applying the rules. 
It is emphasised, that although this example considers only the first gradient for producing 
a rule, all four gradients were involved in the algorithm used. Also, the corrections were 
limited to 1.5 mm maximum most of the times, to safeguard against errors caused by 
wrong decisions of the algorithm being over magnified. These errors were the result of 
difference in amplitude shapes of the received echo at different angles of tilting. For 
example, if both the first and second peaks were below the first threshold, then the rules 
would no produce correct results because their derivation was based on the second peak 
being the reference; in this case the reference was the third peak. To reduce the effect of 
this, the rules were derived by obtaining first the data corresponding to all degrees of 
tilting (the arrangement is explained in section 5.9.4), and then deciding which rules to 
code. It is emphasised, that these rules could only be applied to the corresponding sensor 
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set from which they have been derived i. e. they could not be universally applied to any 
sensor set. For this reason, the rules coded into the existing algorithm will not be 
presented, as these depend on the characteristics of the individual transducers. Using this 
technique, it is the derivation procedure which is of importance for replicating the work 
done in the development of the foot-clearance measurement system. and this conforms 
with the above example. 
The experimental set-up employed in quantifying the resulting performance of the sensors 
at different angles of tilting is described in the next section. 
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Figure 5.19 Hypothetical noise and echo distribution after alignment of the sensors. 
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Figure 5.20 Summation of noise and echo signal: Flight time = 256 µs. GRAD I=0; GRAD 2 
=1; GRAD 3=0; GRAD 4=1. 
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Figure 5.21 Distance of 37 mm. Flight time = 237 is. GRAD I=1; GRAD 2=0; GRAD 3=i; 
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Figure 5.22 Distance of 38 mm. Flight time = 240 µs. GRAD I=I; GRAD 2 0, GRAD 3 
GRAD 4=1. 
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Figure 5.23 Distance of 39 mm. FLight time = 272 µs. GRAD I=0; GRAD 2=0; GRAD 3=1; 
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Figure 5.24 Distance of 40 mm. FLight time = 278 µs. GRAD I=0; GRAD 2=0; GRAD 3=t; 
GRAD 4=1. 
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5.9.4 EXPERIMENTAL SET-UP FOR TILT RESPONSE 
The origin of measurements was taken as the midpoint between the transmitter and 
receiver, as depicted in the figure below. Referring to this, the scaled lines diverging at an 
angle from the origin, define the distance in millimetres (although in the figure, the. 
divisions are in cm) and horizontal angle of tilting. These lines divide the measurement 
space into left and right; measurements were made at 10 ° intervals, from 0 to 30° right, 
and from 0 to 30° left, by moving the reflecting boundary at right angles to, and along, 
these lines, from 20 to 75 mm at 1 mm intervals. It is noted that the sensors' performance 
was assessed over a range of 55 mm (this is the maximum range that could be measured 
with the existing design) instead of 50 mm, to allow for the length of the rectangular base 
over which the sensor was fitted (this base reduced the useful range of the device as it was 
this base that was attached on the shoe, not the sensors themselves). The attachment of the 
transducers over this base was necessary for enabling the attachment of the sensor at any 
surface, without the latter affecting the destructive interference pattern at the receiver. 
10 R0 10 LL= Degrees left 
R= Degrees right 
30R 
Rectangular 
Base 
Figure 5.25. Measurement space: The ultrasonic transducers were fixed on a rectangular base; their 
distance of separation and angle of tilting was set empirically, for achieving cancellation of noise. 
This arrangement aimed at referencing the measurements to the shortest distance between, 
the origin and the boundary, since for the system it was the shortest range to the boundary 
that was of interest. Figure 5.26 illustrates the placement of the boundary at 70 mm, and 
100 horizontal, right.. 
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Figure 5.26 Measurement of range from boundary: distance 70 mm, 10° R 
In addition, the effect of foot-drop was simulated by inclining the boundary at an angle to 
the horizontal plane (figure 5.27). while moving the boundary within the measurement 
space as described above. 
Boundary 
Transdu 
Figure 5.27 Vertical arrangement: Boundary tilted at an angle 0 to simulate foot-drop. 
It is emphasised, that this arrangement was anticipated to give displaced results, as while 
the sensors measure the distance perpendicular to the boundary ( distance 'd' in figure 
5.27), they are referenced to the distance perpendicular to the sensors (distance 'y' in 
figure 5.27). The distance of interest, was the shortest one from the boundary i. e. distance 
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d. From simple trigonometry, the difference between the two distances with respect to 
distance y and vertical tilting angle 9, can be described by the equation below: 
Error in measurements =y-d=y-y cos(O) (Eqn 5.12) 
=y(1-cos(A)) 
where, y is the actual distance, and 
9 is the vertical angle of tilting. 
Using the above experimental procedure, measurements were made for horizontal and 
vertical tilting angles. The rules for the 'correcting algorithm' were derived (using the 
procedure explained in section 5.9.3), and subsequently coded into the 16C71 
microcontroller. The resulting performance of the sensors and correcting algorithm, is 
quantified in the following section. 
5.10 RESULTS 
The results obtained are illustrated in figures 5.29 - 5.45 found at the end of this chapter. 
These figures depict the measurement error versus distance, where error defines the 
difference between the reference distance and the measured one (i. e. error = reference 
distance - measured distance), and distance is measured at 1mm intervals from 20 to 75 
mm. The figures 5.36 to 5.45 depict measurements after allowing for the correction 
described by equation 5.12. The blue lines represent the error measurements before 
applying the 'rule-based' software correction scheme. The pink lines, represent error 
measurements after correction. These figures are arranged with ascending vertical angle 
tilting order; each (except for angles greater that 10°) consisting of seven horizontal tilting 
angle's results, arranged with ascending angle order, from right to left i. e. for 0° vertical 
tilting we have one at 0° horizontal tilting, three for horizontal right (10,20 and 30°), and 
three for horizontal left (10,20 and 30°). 
Only the results obtained from one sensor are presented, as the conclusions drawn from 
them regarding the overall resolution and behaviour with tilting, equally apply to the 
second set of sensors (this was deduced after experiments). Also, the results recorded, 
covered the full measurement space (i. e. from 30° right to 300 left) only for 0° and 10° 
vertical tilting. For higher vertical tilting angles, only measurements at 0° horizontal 
tilting are presented; higher horizontal tilting angles have shown to exhibit predictable 
trends of behaviour e. g. the conclusions drawn regarding the trend of behaviour of the 
sensors as the horizontal tilting angle is changed from 0 to 30° right/left at 00 vertical 
tilting, apply for higher angles of vertical tilting as well. The discussion that follows is 
referred to these figures. 
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5.11 DISCUSSION 
The spikes that are observed in the results, indicate the presence of fluctuations in the 
strength of the received echoes. As a result, the reference peak, from which the fly time is 
deduced, sometimes lies below the first threshold, thus causing a measurement error. 
These fluctuations in strength, are caused by echoes' variations with different angles of 
tilting. The correcting algorithm most of the times detects this, and allows for a 
correction. Nevertheless, sometimes it erroneously interprets an echo as being too low or 
too high, and. reinforces the error instead of correcting it. For this reason, most of the 
corrections were chosen to be within ± 1.5mm (deduced empirically), to avoid excessive 
errors in the system. 
Looking at the first 7 figures (i. e. when the vertical angle is 0°) a predominantly- ve error. 
is observed with increasing tilt angle to the right, while a +ve error is noticed with 
increasing tilt angle to the left. This can be attributed to a slight tilting of both transmitter 
and receiver to the left i. e. improper placement of the sensors on the measuring space. 
Also, as the tilting angle increases, the error is observed to increase. This can be attributed 
to the weaker reflections received at these angles, caused by the transducers limited 
directivity (the angle of divergence of these transducers is 30°); This is exacerbated by the 
tilting of the transducers with respect to each other (this tilting is essential since it is used 
for the destructive interference to effect noise cancellation). 
When the vertical angle is greater than 0°, a predominantly +ve error is observed, which 
increases with vertical angle of tilting. This is attributed to the imperfect alignment of the 
sensors (i. e. equation 5.12 assumes that the sensors lie parallel to the horizontal plane-this 
is not the case, since in order to achieve cancellation of noise, the sensors had to lie at an 
angle to it), and partly, to an increased amplitude of the received echo. The effect of the 
latter, would cause a peak that was not received before, to exceed the preset threshold, and. 
hence be used as a reference for deducing the fly-time. The increased amplitude could 
also be responsible for the failure of the 'correcting algorithm' to rectify errors at these 
tilting angles. (the correcting algorithm was mostly designed for correcting results 
obtained from weak echoes). 
Another interesting feature observed at vertical tilting angles around 20°, was a sudden 
increase in the measured distance (figure 5.44). This is attributed to interference of the 
main beam with reflections from the base over which the transducers are fitted. This is 
illustrated in figure 5.28 
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Figure 5.28 Ray path at 20 degrees of vertical tilting. 
At approximately 200 of tilting, Ray A arrives at the receiver a half wavelength before 
Ray B. As a result, the first peak of Ray A is not affected by Ray B, while the rest of the 
signal interferes destructively. However, if the first peak happens to be below the first 
threshold, then the fly time recorded by the system is magnified (because of the reduced 
amplitude of the echo), resulting in an erroneous output. As the distance increases, ray B 
is no longer received by the transducer, and therefore no interference occurs (in practice, 
because of the beam's angle of divergence, destructive interference is evident throughout 
the measurement range i. e. a part of ray B always reaches the transducers). At lower 
angles, although interference occurs, the difference in paths between Rays A and B is not. 
big enough to attenuate severely the echo signal. The Ray's B path is more vigorously 
analysed in Appendix A9. 
As previously mentioned, the correcting algorithm, was observed to increase the error 
instead of decreasing it in certain occasions. However, from the overall results, it 
succeeded in keeping the maximum error (as deduced from the maximum amplitude of 
the spikes) within around ± 4mm, at ± 30 ° horizontal, and 15° vertical angles of tilting. If 
the misplacement of both sensors on the measurement space is allowed for, the error is 
further restricted to around ± 3mm. 
So it can be concluded that the system developed can measure distances from 20mm to 
75mm (any distance more than that would be interpreted as 75mm), at horizontal tilting of 
± 30 °, and vertical up to 15°, with an accuracy of approximately ± 3mm. However, the 
effective range of measurement is between 30mm to 75 mm, as the base where the 
transducers were fixed, had a length of 30 mm (this was necessary in order to ensure 
successful destructive interference with attachment of sensors at different surfaces). This' 
would effectively reduce the range of measurements from 50 to 45 mm. These deviations 
from the specification would not be acceptable in the eventual system. However, for the 
purpose of the system's application, (which was to provide an initial evaluation of the 
concept of measuring distance of the foot from the ground), the resolutions obtained were 
considered acceptable. The error observed at 20° was expected to be seen as a 'spike' in 
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the clearance measurements whenever the foot was tilted at that angle; this could be at 
heel strike for the heel sensors, and initial swing phase for the toe sensors. 
5.12 CONCLUDING REMARKS 
In this chapter, a general design of the closed-loop system has been formulated, and the 
development of a foot-clearance measuring system has been investigated. It has been 
demonstrated theoretically, that miniaturisation and operation at 68 or 100 kHz of the 
existing ultrasonic transducers' design supplied by Polaroid, was possible. Subsequently, a 
portable distance-measuring system has been implemented to be used for providing a 
preliminary evaluation of the concept of measuring foot-clearance during gait. This 
system, has been evaluated in lab conditions, and has shown to have a range of 30-75 mm, 
with resolutions of -t 3mm within a± 30° and 15° of horizontal and vertical angles of 
tilting respectively. The system has shown repeatability in its daily performance in lab 
conditions. However, its main disadvantage is that each sensor (consisting of a transmitter 
and receiver) requires a unique alignment for noise cancellation and derivation of 
software rules i. e. the alignment of a pair of transmitter and receiver, and the software 
rules to maximise the sensor's efficiency cannot be used in other pairs of transmitters and 
receivers. Nevertheless, for the purpose of providing an initial evaluation of this feedback 
concept, this system was considered acceptable. This evaluation is detailed in the next 
chapter. 
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CHAPTER 6 
EVALUATION OF FEEDBACK SENSORS 
6.1 INTRODUCTION 
The proposed closed-loop system based its operation in certain assumptions, such as: 
" the circumduction of the impaired leg would not accomplish a safe clearance of the 
foot from the ground i. e. the limb's impairments were expected to be reflected in the 
output of the sensors as distances below the 3 cm threshold clearance. 
" the system would not saturate i. e. presupposing that correction is required, the 
threshold clearance could be achieved without having to apply full stimulation. In this 
way, a margin within which the stimulation could vary would be allowed, enabling 
flexibility in the controller to finely adjust the muscle's contraction strength required. 
" sideways displacement of the toe sensors (in this position the sensors are less 
susceptible to damage - explained in chapter 5) would maintain the compliance of the" 
system with the above. 
The experiments discussed in this chapter, employ the sensors discussed in the previous 
chapter to investigate the validity of these assumptions in order to justify further 
developments in the feedback mechanism. 
This chapter first describes the experimental procedure and methodology adopted. A 
representative sample of results obtained from healthy gait are first discussed. This is 
followed by a detailed analysis on the main results obtained from the gait of a hemiplegic 
patient. The two are compared, and conclusions regarding gait features that can be 
extracted from the output of this feedback system are drawn. 
6.2 SUBJECTS AND METHODS 
Two sets of sensors (each comprised of a transmitter and receiver) were fitted at the heel 
and toe side of the shoes (figure 6.1). Their attachment was enabled by adhesive tape; 
although this did not provide a robust fixation, it enabled the sensors' attachment without 
damaging the shoe. The stimulator and ultrasonic drive/decoding circuit were attached on 
the belt of the subject. The RS232 link enabled the downloading of data from the 
stimulator to a PC every 50ms. These data were entered on a spreadsheet file, and were 
later analysed. In addition to this, video recordings were made, to provide a reference 
from which the gait's features deduced from the output of these sensors could be 
compared. 
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Figure 6.1 Attachment of feedback system: I he picture depict, the toot-clear. uice measurement 
device fitted on a `healthy' subject. This arrangement has been used for the evaluation of the sensors. Each 
sensor is held on the shoe by adhesive tape. The ultrasonic driver/decoding circuit. the stimulator and a 
voltage converter unit (converts TTL to RS232 levels and vice versa) are inserted into the small `bags' 
which are fitted around the waist of the subject. It is noted that the stimulator is connected to the PC 
through the opto isolator (not shown in picture). 
Using the above arrangements, the results from a healthy, and hemiplegic subject's gait 
were recorded. In the first case, recordings were made with the subject walking at near 
normal speed. No video recordings were made since these results were only expected to 
reinforce the validity of conclusions drawn from the hemiplegic's gait results. 
The hemiplegic subject, was a 45 years old male, 22 months post right sided CVA (left 
hemiplegic), who has been using single and dual channel stimulation for over 6 months. 
Two sensor arrangements, each using three stimulation configurations were tested, as 
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presented in table 6.1. The first configuration used no stimulation. The second, used a 
stimulation level adjusted by the patient to enable a minimal contraction of the ankle 
flexor muscles; this stimulation level will be referred to as 'some' stimulation. The third 
configuration used the stimulation level normally used by the patient; this will be referred 
to as 'normal' stimulation. The results from two 'runs' with each configuration were 
recorded. Each 'run' involved the patient walking at normal speeds over the dual force 
platform walkway supplied by the University (note that the gait analysis results obtained 
from the force platform walkway are not presented here). 
Sensor Arrangement Stimulation Configuration 
One sensor at heel side of the shoe No stimulation 
One sensor at toe side of the shoe Some stimulation 
Normal stimulation 
One sensor at heel side of the shoe No stimulation 
One sensor displaced to the side of the shoe Some stimulation 
Normal stimulation 
Table 6.1 Description of parameters tested. 
The results from the healthy subject's gait are presented in figure 6.4 at the end of this 
chapter. The hemiplegic's gait results from the two runs with each configuration, were 
combined together for each sensor arrangement in single figures. In this way, each figure 
represents the gait performance with each sensor arrangement. Each figure is further 
divided into three parts, each representing the results from the two runs with each 
configuration. Therefore, two figures were produced, each partitioned into three sections, 
and are presented at the end of. this chapter (figures 6.5 and 6.6). The discussion that 
follows, deals with each of these sections (configurations) separately. 
6.3 RESULTS 
The results from each configuration tested are analysed in the subsections below: 
6.3.1 RESULTS FROM HEALTHY SUBJECT'S GAIT 
(One sensor at heel, other on toe - refer to figure 6.4) 
The general format of the heel trajectory recorded by these sensors during gait, can be 
described by: 
"A rapid increase in distance, corresponding to heel rise. The high gradient can be 
attributed partly to the increase of clearance of the heel from the ground, and partly to 
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the increase in the vertical angle relative to the ground, causing any echo reflection not 
to be detected by the sensor. 
"A maintenance at this distance for some time, reflecting the swing phase of gait, 
whereby the heel is found at a distance greater than 7.5 cm from the ground (this is the. 
maximum range recorded by the ultrasonic sensors). 
"A rapid decrease in distance, associated sometimes with a spike tending to suggest a 
midway increase in clearance, which is followed by a spike in the opposite direction. 
The first spike, is an error caused by the vertical angle tilting of the foot relative to the 
ground, realised when approaching heel strike. This error was expected, and has been 
explained in the previous chapter (section 5.11); the error occurs when the vertical 
angle of tilting is around 2011, and is the result of interference between the main echo, 
with reflections from the base over which the sensors are fixed. The second spike, 
reflects the distance measured while the foot moves from heel strike, to flat-foot (i. e. 
the vertical tilting angle goes from 20° to 0°). Spikes that extend either to 20 or to 75 
mm, are caused by very weak reflections (this is reflected on the spacing of the 
gradients), which the 'correcting scheme algorithm' allocates (according to their fly 
time) in these two extremes. These weak reflections can be attributed to a combined 
high vertical and horizontal tilting of the foot. It should be noted, that the 'occasional' 
presence of these spikes is caused by the sampling rate of 50ms (i. e. the recording of 
data is not continuous in time). 
Moving now to the toe trajectory, its main characteristics are summarised below: 
" After heel rise, a spike tending to reduce the clearance is observed. This is the result 
of the vertical tilting of the toe, associated with the late stance-initial swing phases of 
gait. 
"A rapid rise in the toe clearance, indicating the beginning of the swing phase. 
" Maintenance of the maximum distance, reflecting the swing phase of gait. 
"A vertical, followed by a less rapid, reduction in toe clearance following heel strike; 
the first is attributed to a high dorsiflexion, causing any echo to be reflected away from 
the receiver. The second, reflects measurements when the toe moves from rise to 
strike. It is emphasised, that the prolonged times of this with subsequent steps, is the 
result of conscious slower landing of the toe; this was done on purpose to test the 
dynamic properties of the sensors (i. e. slower landing of the toe was expected to be 
manifested as slower decrement rate of the toe clearance). Any visible spikes during 
this period, are attributed to the low resolution of the developed system (i. e. ± 3mm). 
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It should also be noted, that the stance phase can not be clearly defined from the toe 
trajectory, i. e. the stance phase should be manifested as periods of minimum toe 
clearance. This is because of the high walking speeds associated with normal gait. i. e. as 
speed increases, the stance phase decreases; this results in the toe spending less and less 
time in contact with the ground. Therefore at high speeds, as soon as the toe makes full 
contact with the ground, the heel starts to rise indicating the final stages of stance phase. 
6.3.2 RESULTS FROM NO STIMULATION ON HEMIPLEGIC SUBJECT 
(One sensor at heel, other on toe - refer to figure 6.5) 
If this heel trajectory is compared with the one obtained from the healthy gait, it can be. 
observed that the spikes have disappeared. This is attributed to insufficient dorsiflexion 
during heel strike, which results in flat-foot (the heel is no longer found inclined at an 
angle relative to the ground during heel strike). Also, the maximum clearance duration has 
increased, indicating a decrease in walking speed. 
Similarly, if the toe trajectory is compared, then the following observations can be made: 
" An initial spike following heel rise is distinguished, which could either increase or 
decrease the measured distance. This is the result, of a higher vertical tilting of the 
sensors relative to the ground during the late stance - initial swing phase, caused by 
foot-drop. The height of this peak, is probably exacerbated by the horizontal angle of 
tilting, which can be attributed to inversion (i. e. the inversion further weakens the 
echo's reflection, thus increasing the distance measured). 
" The clearance during the mid-swing phase, is much less than the one observed in 
healthy gait. Within the eleven recorded steps, 5 did not achieve a greater than 3cm 
clearance, 4 achieved a short-lived greater that 3 cm clearance, and 2 achieved full 
clearance. This is attributed to foot-drop, not allowing adequate clearance to the 
impaired leg. The occasional attainment of maximum clearance can be attributed to hip 
circumduction, rather than active dorsiflexion (this has been confirmed through video 
recordings). 
" The toe side of the foot always lands before the heel side. This is again attributed to 
foot-drop, and reinforces the argument that the occasional full clearance is realised 
through circumduction, rather than correction of foot-drop. 
6.3.3 RESULTS FROM SOME STIMULATION ON HEMIPLEGIC SUBJECT 
(One sensor at heel, other on toe - refer to figure 6.5) 
If the heel trajectory is compared with the one without stimulation, then no major 
difference can be observed. 
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However, this is not the case with the toe trajectory. The number of times over which the- 
foot attains full clearance is observed to have increased. This suggests an increase in 
dorsiflexion. Nonetheless, the spikes associated with the initial swing phase (discussed in 
the previous section)- are still present, suggesting still inadequate initial clearance of the 
foot from the ground (the foot is still tilted relative to the ground as a result of foot-drop). 
This is reinforced by the fact that now, the landing of the toe and heel seem to be 
coinciding, suggesting that foot-slap still occurs (i. e. the dorsiflexion is still not adequate). 
6.3.4 RESULTS FROM NORMAL STIMULATION ON HEMIPLEGIC SUBJECT 
(One sensor at heel, other on toe - refer to figure 6.5) 
Here, the significant increase in foot-drop correction is obvious, and can be deduced from: 
" the disappearance (except from one case) of the spikes on the toe trajectory observed 
during the initial swing phase. 
" the full clearance attained in all steps. 
" the occasional appearance of spikes on the heel trajectory at heel strike; this suggests 
the presence of dorsiflexion (i. e. the heel is tilted relative to the ground). 
" the occasional landing of the heel before the toe i. e. reduction in the number of foot- 
slap occurrences. 
6.3.5 RESULTS FROM NO STIMULATION ON HEMIPLEGIC SUBJECT 
(One sensor at heel, other displaced sideways on the toe side- refer to figure 6.6) 
If the trajectories obtained in this case, are compared with the ones obtained with no 
stimulation but with the sensor fitted at the toe side of the shoe, then the following 
observations can be made: 
" As expected, no change in the heel trajectory. 
" The disappearance of spikes from the toe trajectory; this is attributed to the 
conversion of the vertical to horizontal angle caused by the sideways displacement of 
the sensors i. e. although the same degree of foot-drop existed, the sideways. 
displacement of the sensors, converted the vertical into horizontal tilting. This is 
illustrated in figure 6.2 
" An increase in the time between heel and toe landing. The displacement of the toe 
sensors was expected to produce the opposite effect, since when foot-drop exists, the 
toe often lands before the side of the foot. However, this inconsistency can be resolved 
by examining the effects foot inversion have on the results obtained; from figure 6.2, it 
can be seen that this arrangement is more sensitive to inversion than foot-drop. 
Therefore, although the detection of foot-slap caused by foot-drop was expected to be 
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Figure 6.2 Comparison between sensors at toe side, and sensors displaced from toe 
side: It is noted that the base over which the sensors are fitted is not shown. (Diagram is not drawn to 
scale). 
less obvious using this arrangement, the occurrence of inversion,. reverses the 
argument. 
" The clearance of the foot from the ground seems to have increased. This at first, 
seems to contradict the above argument. However, if we consider that circumduction 
causes a circular motion of the leg during the swing phase, then while the leg is in the 
air, the effect of foot-drop causes the toe to be closer to the ground, while the sideways 
landing of the foot causes the side of the foot to first come in contact with the ground. 
6.3.6 RESULTS FROM SOME STIMULATION ON HEMIPLEGIC SUBJECT 
(One sensor at heel, other displaced sideways on the toe side- refer to figure 6.6) 
As stimulation increases, the clearance of the toe from the ground increases as expected. 
Also, the time difference between the heel and toe landings have decreased, suggesting 
some correction of inversion. 
6.3.7 RESULTS FROM FULL STIMULATION ON HEMIPLEGIC SUBJECT 
(One sensor at heel, other displaced sideways on the toe side- refer to figure 6.6) 
With full stimulation, it can be clearly seen that the foot almost always attains full 
clearance. In addition, in some cases the toe lands after the heel, suggesting a correction in 
inversion and foot-drop. 
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6.4 DISCUSSION 
The above comments relating to the gait's features , 
have been confirmed through the 
video recordings. It should he emphasized, that from observations in these recordings, the 
patient did not have a high degree of foot-drop, and the correction accomplished using 
electrical stimulation was not always simple to assess (it was sometimes difficult to 
distinguish when the stimulation was on, or off). Nevertheless, the effects of stimulation 
could be clearly distinguished in the above foot-clearance recordings. Another encouraging 
outcome, was the increase in foot clearance observed with increasing stimulation. This 
disproves the argument that normal stimulation would be required to attain adequate 
clearance of the foot from the ground. However, certain imperfections on the design of the 
present system, resulted in the formation of 'spikes' at excessive angles of vertical tilting. 
This effect was exacerbated, when vertical tilting was accompanied by horizontal one, thus 
further reducing the amplitude of the reflected echo, and hence, increasing the error. 
Nevertheless, the mere presence of these spikes could be used to confirm the presence of 
either good heel strike ( in which case, a spike is expected at the down sloping of the heel 
trajectory), or excessive foot-drop during the initial swing phase (spike on the toe 
trajectory). 
It should also be mentioned, that because of the improper fixation of the sensors on the 
shoe, both sensors at a certain stage of the experiment became loose, and were stepped on 
by the patient. This affected the resolution of the sensors. The degree of damage is 
illustrated in the figure below: 
4 
E 
L 
O 
W 
3 
2 
1 
0 
-1 
-2 
_3 
Distance (mm) 
Error before 
Error after 
Figure 6.3 Comparison of sensor's characteristics before and after the experiment. 
The displacement of the toe sensor to the side of the shoe, resulted in the sensitivity of the 
sensor being affected more by inversion than by foot-drop. This effect can be reduced, by 
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dccrcasing the dcgrcc or displticcmcnt. Noncthclcss, the disability on the (mpirrd limb 
could still be distinguishcd. 
6.5 CONCLUDING IRI: MARKS 
It can be concluded from this experiment, that the measurement system developed tuts 
promising prospects In terms of being used as feedback In a closcd-loop system. From the 
results of no-stimulation. It can be seen that most of the times foot-drop, results In an 
effective clearance ranging from I to 3.5 cm (figure 6.5). In addition, higher clearances 
are short-lived, and mainly caused by eircumduction of the hip. It is also anticipated, that 
the effect of foot-drop will be more evident in other hemipiegie patients, since from video 
recordings, this subject did not have a high degree of foot-drop. 
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Figure 6.5 One sensor on heel, other on toe 
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CHAPTER 7 
DESIGN OF CONTROL ALGORITHM 
7.1 INTRODUCTION 
The successful evaluation of the feedback sensors prompted the design of a suitable 
algorithm, to be used in the envisaged closed-loop system. This algorithm is specifically 
designed for use with the foot-clearance feedback. It has the overriding advantages of 
being simple, and not requiring a muscle model for its operation. Instead, it uses an 
automated iterative procedure to converge its output to a set of optimum parameters. In 
this way, problems associated with muscle models, such as variation of muscle 
parameters with electrode positioning, carry over effects, fatigue and spasms (discussed in 
chapter 1), are avoided. Furthermore, the simple structure of this controller enables easy 
coding into the 17C42 microcontroller incorporated in the stimulator. 
In the chapter, the basic structure of the algorithm is first introduced. This is followed by 
a detailed description of the algorithm's parts. Finally, suggestions regarding its 
evaluation are given. 
7.2 BASIC STRUCTURE OF THE CONTROL ALGORITHM 
The closed-loop control will be applied only for the ankle flexor muscles, since they are 
the main contributors to achieving the clearance of the foot (more precisely the toe) from 
the ground. The contraction of these muscles will be controlled through the evocation of 
the withdrawal reflex, by adjusting the stimulation over the common peroneal nerve. The 
second channel will be used to facilitate correction of gait in an open-loop configuration 
i. e. the stimulation timings and parameters will be pre set by the operator using the open- 
loop system discussed in chapter 3. It is emphasised, that although the initial suggestion 
was to use the second channel for plantarflexion stimulation, the evidence gathered in this 
project are not adequate to support with any degree of confidence its superiority over 
other candidate muscles for stimulation. Upon completion of the envisaged closed-loop. 
system, further research would be required to validate the use of the second channel. 
The control algorithm will be divided into two levels of control, namely high and low. 
The high-level controller acts as a 'supervising' algorithm, initiating/terminating the 
operation of the low level controller and safeguarding against improper operation of the 
system that would compromise the safety of the patient. The low level controller, seeks to 
maintain a constant clearance of the foot from the ground during the swing phase of gait, 
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by adjusting the stimulation level accordingly. Each of these is separately elaborated in 
the following sub-sections. 
7.3 HIGH LEVEL CONTROLLER 
The high level controller will be a ruled-based system, aiming at: 
" distinguishing between the stance and swing phases of gait through the ultrasonic 
sensors and foot-switches, 
" detecting clearances of the swinging foot from the ground below a preset threshold, 
C. 1. H, and subsequently applying maximum (A, ) stimulation (maximum stimulation 
is defined as the stimulation level required to realise adequate dorsiflexion or beyond 
which the stimulation is no longer comfortable to the patient), 
" performing 'checks' on the integrity of the output from the ultrasonic sensors during 
the stance phase of gait (as detected through the foot-switches); a failure of the 
ultrasonic sensors to reflect the close proximity of the ground during the stance phase, 
would be interpreted as the encounter of a poor-reflectivity boundary (e. g. carpet), and 
would therefore divert the input of the controller to the foot switches. 
" performing 'checks' on the integrity of the output from the foot-switches' outputs. If 
echoes are detected on the ultrasonic sensors which are not reflected in the outputs of 
the foot-switches, then an alarm will be activated indicating a failure in the triggering 
of the foot-switches. This would notify the patient that the system is no longer safe 
(since failure of foot-switches, and an encounter of a poor-reflectivity boundary would 
be interpreted as adequate clearance of the foot from the ground, and therefore no 
stimulation would be applied by the system), thereby urging him/her to attain a posture 
that does not require assistance by the system (e. g. sit down). For example, consider 
the case where according to the ultrasonic sensors the patient is in the stance phase. If 
the foot-switches are at high impedance thereby indicating. the contrary, then the 
discrepancy between the outputs of the foot switches and ultrasonic sensors would be 
attributed to faulty foot-switches, as the detection of the echo by the ultrasonic sensors 
would suggest that their operation is correct. 
" ensuring that the amplitude of stimulation does not exceed a maximum preset 
threshold A,, x, and is not below a minimum preset threshold A. 
" passing control to the low level controller: if none' of the above cases is true, then 
during the swing phase of gait control will be given to the low level controller. 
7.4 LOW LEVEL CONTROLLER 
From the literature, the best positional control has been achieved using a combination of a 
feedforward controller with a PI controller [Veltink et al., 1992; Quintern et al., 1995]. 
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Furthermore, feedforward controllers based on an iterative procedure as compared to the 
inverse characteristics of the muscle (as deduced from a muscle model) have performed 
better [McNeal et al., 1989]. Therefore, a combination of a feedforward controller based 
on an iterative procedure (which will be referred to as the estimator), in combination with 
a PI controller is expected to give a faster and more robust performance, figure 7.1. 
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Figure 7.1 Feedforward in combination with a PI controller: SI represents the sampling 
rate as sampled by the stimulator, and is equal to the IPI i. e. the stimulator is presented as a pure sampler, 
providing stimulus pulses (of amplitude controlled by the algorithm) to the muscle at the IPI rate. The 
above schematic depicts the use of the estimator in providing an initial estimate of the stimulation 
amplitude A, while the PI using error (e) between the achieved clearance (d), and the target clearance (D), 
makes a correction (c). Note that the output of the PI controller can be connected / disconnected from the 
system, through a control line (con) supplied by the estimator. 
The proposed algorithm incorporates an estimator, which bases its operation on the events 
of the previous stride to supply the PI controller with an estimate of the stimulation 
sequences required to realise a preset clearance distance (D) of the foot from the ground. 
The corrections made by a PI controller which is allowed to control the limb for a preset 
time, will be used to update these estimates. In this way, an automatic iterative update of 
the estimates is realised, whereby the optimum stimulus is derived from corrections 
during subsequent strides; the estimator can be visualised as a feedforward controller, 
since it provides for the best estimates suited for the particular muscle joint system. 
The decision for the sampling rate to be equal to the IPI, has been based on the 
literature. [Wilhere et al., 1985; Bernotas et al., 1987; Bernotas et al., 1986]; this is the 
maximum allowable sampling rate, and thus eliminates the possibility of undersampling 
the system. A more detailed description of the envisaged structures of the estimator and PI 
controller is given below. 
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7.4.1 ESTIMATOR 
Two outputs will be given by the estimator: an estimate of the duration of maximum 
stimulation required for the toe to reach the target clearance during the early swing phase, 
and subsequent amplitude estimates to maintain that clearance until heel strike is 
encountered. The significance of the first output, is to enable a fast clearance of the foot 
during the first stages of the swing phase, and thus provide an initial small clearance error 
to the PI controller for correction. During this period, a high frequency of stimulation (F) 
can be applied in order to exploit the catch-like property of the muscle; this will enable 
the maintenance of the muscle force at subsequent lower stimulus levels thereby delaying 
the onset of muscle fatigue (see chapter 1, section 1.7.6, Q. Note that this duration, T, 
will be an integer number of the sampling interval as described below: 
T= n'* sampling interval =n* IPI {Eqn 7.1 } 
where, n is an integer number. 
As a consequence, the time duration T will target the minimum time required for the 
clearance to equal or exceed the preset desired clearance, D. Now, if the duration of the 
swing phase of gait is X ms, then during the remaining X-T ms (S ms) of the swing 
phase, the estimator will produce outputs aiming at maintaining the desired clearance. 
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First Amplitude 
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Maximum : Corrections 
Amplitude by PI 
Second Amplitude 
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Corrections 
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Figure 7.2 Division of timing of the swing phase of gait: The diagram presents the division of 
the swing phase into: a period T of maximum stimulation at a higher frequency F, two sections (N=2) 
providing for two amplitude estimates, and three corrections allowed by the Pl controller (M-3). The 
arrows represent the sampling intervals. 
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If S is divided by N sections, then each section will have'a duration R, of S/N ms. At the 
start of each section, the estimator alone . provides 
the amplitude. After this, M corrections 
with the PI controller acting in consort with the estimator will be produced, where M is 
equal to {(R / IPI) -1 }. Note that M must be an integer, and its value will dictate the speed 
and stability of the system. For example, if M is high then fewer estimates will be 
provided by the estimator, thus reducing the system's speed of response. If M is low, then 
the estimator will update its amplitude estimates before the muscle settles to a steady 
output i. e. its estimates will include the dynamic properties of the muscle; since the 
muscles' dynamics are not known, this could easily lead to instability. Therefore, the 
division into N sections (from which M is deduced) is necessary in order to allow time for 
the PI controller to respond to the estimates provided by the estimator (and thus provide 
for stability) while maintaining a reasonable system speed. This division of timing is 
illustrated in figure 7.2. 
If we denote the number of steps taken since the switching on of the stimulator with the 
subscript k, then at step k, the duration of each of the N sections will be Rk which will be 
described by the following equation: 
Rk = (Xk_, - Tk) /N 
where, 
{Eqn 7.2) 
Xk_i denotes the swing phase duration of the previous step, and is used as a 
prediction of the next one, 
Tk is the time duration of maximum stimulation required at the present step, and 
N is the number of estimates, and is a parameter empirically set by the operator. 
The number of corrections allowed by the PI controller within each section will be: 
Mk =(Rk /IPI)-1 
where, 
(Egn7.3) 
Rk is the predicted duration of each section within the swing phase of step k, 
IPI denotes the sampling rate of the feedback, and hence the PI controller, 
Mk must be an integer, and 
the subtraction by one allows for the disconnection of the PI controller during the 
first sampling instance at the beginning of each of the N sections, thereby allowing 
the stimulus amplitude taken from the estimator to be applied on the muscle. 
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To summarise, during early swing phase, the estimator will attempt to reach the preset 
clearance threshold by supplying maximum stimulation for a time T. The controller will 
subsequently estimate the duration Rk , and the value Mk using the 
duration of the last 
swing phase Xk_1, according to equations 7.2 and 7.3 respectively. Now, the estimator 
will hold N values of stimulation amplitude values. Each value will be denoted by the 
subscript n, which ranges from 1 to N. Therefore, during the first Mk* IPI ms time, the 
output of the estimator will be A,, (where n= 1), during the next Mk* IPI ms time will be 
An+,, and so on until all N sections have been used. 
If the number of samples pertaining to the PI controller are denoted by the subscript m 
(which ranges from 0 to Mk ), then two parameters will be used by the estimator: em 
(shown as 'e' in figure 7.1) denoting the error between the reference clearance and the 
attained one, and c n, 
(shown as 'c' in figure 7.1) denoting the PI controller's output. When 
in is equal to M,; , then the estimator updates 
it's stored estimate amplitudes according to 
the rules below: 
RULE 1. 
IF a pre-stored error 
I E, I, is greater than, or equal to the error 
I em I at instance m= 
Mk , THEN 
A,, will be updated to A,, + Cm_, i. e. the new value of A. will be equal to the previous 
one plus the correction made by the PI controller. Also E,, will be equated to em . 
RULE 2: 
IF a pre-stored error I En I is less than the error 
I e,,, I at instance m" Mk , 
THEN 
An will be updated to An +a convergence factor. The convergence factor will be a small 
increment or decrement dA, the sign of which will be depended on the sign of the error 
e, n . 
This will enable convergence of the estimates in case the error from the PI controller 
is greater than the stored estimator's error. The value of dA will be pre-set by the operator. 
No change will be made on the value of En E. 
After the estimator has completed the updating of the amplitude A,, , then m will 
be reset 
to zero, and the next amplitude A. +, will 
be fed to the system. During this time the output 
of the PI controller will be switched off, thereby allowing the pure estimate A,,, to be fed 
into the muscle joint system. Note, that at the beginning of the very first session, the 
amplitudes A, to AN will be set to a safe maximum level, AMAX. Also E, to EN will be 
set to a maximum level, EMAX. AMAX will be pre-set by the operator, while EMAX will hold 
the maximum allowed error (e. g. 5 cm). During each session and after an elapse of a 
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number of steps, B, the above amplitudes and errors will be stored in the EEPROM to be 
used as initial estimates in subsequent sessions. The value of B will be preset by the 
operator and will be a compromise between giving time for the controller to produce good 
estimates, and avoiding the onset of muscle fatigue. 
It is worth noticing that the above rules for the algorithm have been inspired by the 
evolution strategy implemented by Nutzei (i. e. an estimate is updated only if it satisfies a 
predefined cost function - see Chapter 1, section 1.7.7)[Nutzel et al., 1990]. 
7.4.2 PI CONTROLLER 
PI controllers are the most commonly used in controlling muscle contractions, and have 
been proved to operate adequately. The one to be used in this project has been selected 
because of its simplicity, and satisfactory performance as reported by several workers 
[Chizeck et al., 1988; Crago et al., 1980]. It consists of one pole and one zero, and in the z 
domain is described by the equation below: 
D(z) = 
Y(z) 
_G*z-a E(z) Z-1 
where, 
Y(z) is the output of the controller in the z domain, 
E(z) is the input to the controller in the z domain, 
G denotes the gain of the controller, and 
a, the zero of the controller. 
This z-domain transfer function is implemented by the difference equation 
{Eqn 7.4} 
Y.,, ° Y,,, -i+G*[e,  -a*e. -, 
I (Egn7.5) 
where, 
y is the output of the controller, 
e is the input to the controller, 
G is the gain of the controller, and 
a is the zero of the controller. 
To comply with the format of the system's block diagram illustrated in figure 7.1, the 
output of the PI controller will be: 
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C=y- 
where, 
{Eqn 7.6) 
y,, is the output of the PI controller as depicted in equation 7.5, and 
A. is the estimated amplitude. 
The above controller will be incorporated into the system as illustrated in figure 7.1, and 
will operate as follows: 
" At instance m=0 (i. e. at the beginning of each section) its output will be 
disconnected from the system. 
" At instance m=1, y,,, _, will 
be updated to the amplitude estimate (A) provided by 
the estimator. The corresponding output of the controller will then be connected to the 
system. 
" At subsequent sampling instances, the output of the controller will be as depicted in 
equations 7.5 and 7.6. At sampling instance M, the output of the PI controller will be 
used to update the estimator's amplitude values. 
The values of G and a will be adjusted by the operator. 
7.5 CONCLUDING REMARKS 
The main advantage offered by this control algorithm as compared to other common 
control strategies, is its operation without the requirement of a muscle model. 
Furthermore, it is simple and can easily be coded in the microcontrollers of the existing 
stimulator. It is emphasised though, that this algorithm has not yet been evaluated. 
Evaluation using simulations was rejected because of the requirement of a model that 
would relate the stimulus parameters to foot-clearance from the ground. Such model 
would be difficult to simulate, and in any case, it was expected to be inaccurate (it would 
not reflect the dynamic perturbations observed when the patient is walking). Experimental 
testing has not been conducted because of the lack of robustness in the present feedback 
system; the critical alignment of the ultrasonic transmitter and receiver to achieve noise 
cancellation, their bulky size and the poor fitting techniques so far used, made its 
employment in such experiment impractical. Therefore, implementation and evaluation 
was postponed pending the development of a more robust feedback system (discussed in 
further work). 
The identification of the controller's parameters is another problem that has to be 
overcome. Correct identification is critical in achieving fast response and stability. A 
suitable identification procedure is detailed in the 'further work' chapter (chapter 9). 
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CHAPTER 8 
CONCLUSIONS 
8.1. INTRODUCTION 
The benefits of FES as an adjunct to physiotherapy have already being well substantiated. 
In this study, an attempt to further integrate engineering with rehabilitation has been' 
made. Two approaches have been pursued to realise this end: improving the open-loop 
control of existing FES systems as applied for correcting hemiplegic gait, and 
investigating the possibility of closing the loop, thereby achieving a more reliable and 
robust FES orthosis. The discussion that follows highlights the significance of what has 
been achieved in this project, giving particular emphasis on the prospects of applying the 
outcomes of this work into the clinical environment on a routine basis. For clarity, it is 
divided into three sections. The first one concentrates on the advantages offered by the 
developed stimulator, while the following two, focus on the developments implemented 
regarding open-loop and closed-loop control respectively. 
8.2 DEVELOPMENT OF STIMULATOR 
As the objectives of the project lay within the sphere of applying surface FES for 
facilitating routine clinical rehabilitation of hemiplegic patients, it was an imperative 
requirement to employ a portable, cosmetically acceptable stimulator in the envisaged 
open and closed loop systems. Furthermore, as the development of these systems was 
anticipated to be the outcome of research, it was important for the stimulator to be flexible 
enough to enable its use as a research tool. Moreover, it should be able to accommodate 
the requirements of a closed-loop system e. g. analogue / digital inputs and complex 
control strategies. Since no commercially available stimulator could satisfy the above 
requirements, it was decided to develop one. 
The portable stimulator developed allows for two channels of stimulation, is 
microcontroller based, and comes in two alternative units, namely base and advance units. 
The base unit (containing a single card) contains the necessary circuitry to replicate 
existing simple foot-drop, and exercise algorithms. The advance size unit (containing an 
additional card) incorporates an intelligent microcomputer system (i. e. a microcontroller 
with its peripheral RAM and EEPROM) which is capable of communicating with an IBM 
based PC via an RS232 link. The latter enables direct control of the stimulator by a PC, 
and easy development of control algorithms in high level language on a PC (these control 
algorithms can be developed on a PC, and subsequently be compiled and downloaded into 
the stimulator via the RS232 link), thereby realising the requirements for flexibility, and 
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the stimulator's use as a research tool. The stimulator complies with the general (BS 5724 
Part 1) and particular for nerve and muscle stimulator (BS 5724 , Part 2- Section 2.10) 
safety requirements as stated by the British Standard Institution, and has been successfully 
evaluated with hemiplegic patients referred to the Salisbury District Hospital for electrical 
stimulation therapy (it is noted though, that compliance with the electromagnetic 
compatibility requirement has not yet been verified). 
8.3 DEVELOPMENT OF THE OPEN - LOOP SYSTEM 
The importance of optimising the stimulation parameters and timings according to the 
needs of the individual patient, has been appreciated since the very early applications of 
FES. As the number of channels increases, this becomes increasingly difficult. Some 
workers in an attempt to overcome this problem, have developed special iterative. 
algorithms to automate the adjustment of these timings. However, this approach has failed 
to find clinical applications, mainly because of the inconveniences involved in fitting the 
feedback sensors (which are used to assess the quality of gait) on the patient before each 
session. In this study, an alternative approach has been adopted; the stimulation 
parameters and timings are adjusted through a user-friendly control panel (simulated 
using the LabVIEW programming environment) displayed on the monitor of a PC. In this 
way, the setting-up of the stimulus can be realised on-line while the patient is walking. 
This approach has been evaluated on hemiplegic patients referred to Salisbury District 
Hospital, and was found to be useful in terms of enabling the physiotherapist/operator to 
set-up the stimulation according to the individual's disabilities, rapidly and efficiently. 
The successful initial evaluation of the system prompted its further development and 
application in the research area. However, this is further discussed in the next chapter. 
As the closed-loop system was envisaged to act on the ankle joint, a promising possibility 
(based on the literature) was to stimulate the ankle's agonist / antagonist muscle groups.. 
Therefore, in parallel to the development of the above software, a further investigation to 
confirm the beneficial effects observed by the research team in Salisbury District Hospital 
(their assessment was based on energy measurements using the PCI index and walking 
speed recordings) when combining plantar with dorsiflexor muscle stimulation was also 
conducted. Gait was evaluated using the dual force walkway platform supplied by the 
University, to determine changes in the temporal-spatial and vertical component of the 
ground forces. Although, contrary to what has been expected, no increase in the push-off 
force was observed, an increase in gait symmetry and speed of cadence reinforced the 
argument that calf stimulation has a positive effect on gait. Nevertheless, because of the 
small scale of this study, the results obtained can not support with any degree of 
confidence the usefulness of plantar flexor stimulation; further investigation is required to 
validate the use of the second channel in the closed-loop system. 
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8.4 CLOSED-LOOP CONTROL 
The superiority of closed over open loop control has already been demonstrated in. 
research environments. However, as yet, no closed-loop system for the correction of 
hemiplegic gait has been documented to have found routine clinical applications. The 
main reason for this . is the lack of any readily available cosmetic sensors that could be 
used reliably in real time to adequately describe the gait pattern of the patient. In this 
study, a novel approach in obtaining feedback from the impaired limb has been suggested: 
the use of pulse-echo based, acoustic (ultrasonic) techniques, to extract on-line 
information relating to the clearance of the heel and toe from the ground during gait. It 
was envisaged that this feedback could be used in a portable closed-loop system, which 
would aim at effecting a safe gait by means of maintaining a minimum clearance of the 
foot from the ground during the swing phase of gait. In doing so, a delay in the onset of 
muscle fatigue was expected, a consequence of the engagement of minimal required 
contractions by the stimulated muscles. Furthermore, an expansion of this system to 
provide for horizontal (as well as vertical) ranging information to the controller, could 
lead to the development of a system to be used for facilitating the climbing of stairs. 
From an initial investigation into the acoustic properties of ultrasound, certain intrinsic 
limitations of the latter were exposed. This necessitated some modifications to the 
original design specification. More specifically, because of poor acoustic reflectivity on 
materials such as carpet, it was decided to incorporate foot-switches in the design, thereby 
establishing a reference for the system to detect incorrect output from the ultrasonic 
sensors. By restricting the spatial arrangement of sensors within the shoe of the patient, 
the ease of daily fitting, and cosmetically appearance of the overall feedback system was 
not expected to be adversely affected by the suggested modification. An additional 
impediment to the implementation of the system, was the unavailability at the present of 
miniature ultrasonic sensors that would comply with the specification. In the light of this, 
it was decided to limit the objectives of this aspect of the project to: 
a. investigating whether from theoretical considerations the miniaturisation of ultrasonic 
transducers to fit the specification was possible, and subsequently, 
b. designing a simple portable system using existing ultrasonic transducers, to evaluate 
the effectiveness of the suggested feedback approach. 
The outcomes from the first study were encouraging; miniaturisation of transducers to fit 
the specification was proved to be possible. Further, operation at 68 kHz was 
recommended, as this would enable measurements with high degrees of tilting of the foot; 
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immunity to noise could be improved by designing the system to consider the shape of the 
echo before taking measurements. 
The positive outcomes of the above study encouraged the implementation of a simple, 
portable distance measuring system. The latter consisted of two sets of ultrasonic 
transducers, each having the capability of measuring ranges between 3-7.5 cm within t 
30 and 15 degrees horizontal and vertical inclinations respectively, with a resolution of t 
3mm. This system was used on one normal and hemiplegic patient, to evaluate the 
usefulness of the suggested feedback approach with regards to its future application in a 
closed-loop system. The experiment conducted with the normal subject aimed at 
obtaining heel and toe clearance trajectories at normal speed, in order to provide a 
reference from which the hemiplegic gait could be compared to. 
With regards to the evaluation of the sensors on hemiplegic gait, two experiments were 
conducted: one with the two sensor sets placed at the heel and toe side of the shoe 
respectively, and the other using the same arrangement but with a sideways displacement 
of the 'toe' sensor set. Each experiment consisted used three configurations: one without 
stimulation, one with a stimulation level adjusted by the patient to produce a minimal 
muscle contraction, and one with the normal stimulation used by the patient. The main 
observations and conclusions drawn from these experiments, are presented below: 
a. As expected, the degree of foot-drop was manifested as inadequate clearance of the foot 
from the ground during the swing phase of gait. The progressive correction of foot-drop 
with increasing stimulation was also reflected in the recordings as increased foot 
clearance. 
b. Adequate foot clearance was attained with less than the normal level of stimulation. 
This observation supported the initial presumption made that safe gait can be achieved 
without the system being driven into saturation. 
c. When displacing the toe-sensor sideways, and comparing the recorded trajectories with 
the ones obtained with the sensors placed at the toe, an increased toe clearance distance 
was observed; this was attributed to the increased distance of the sensors from the ground 
in this arrangement when the foot is inclined downwards (i. e. when foot-drop exists). 
Therefore, it can be asserted that a sideways displacement of the sensors (this arrangement 
makes the toe sensors less susceptible to damage caused by 'kicking', a common 
manifestation of the inability of the hemiplegic to voluntarily control his leg ) can perform 
adequately, but requires an elevation of the minimum target clearance set by the closed- 
loop algorithm. 
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d. Hip circumduction (as observed from video-recordings and as deduced from the output 
of the sensors) can counteract the effect foot-drop has on the clearance of the foot from 
the ground, thereby reducing the efficiency of the feedback information. Therefore, for a 
useful practical closed-loop system, it is important that the patient makes a conscious 
effort to correct circumduction (reducing hip circumduction is a primary objective of the 
physiotherapist). In this respect, the closed-loop system can also act as a form of bio- 
feedback, 'rewarding' the patient with stimulation whenever hip-circumduction is avoided, 
thus making the effects of foot-drop more pronounced. 
Following the successful evaluation of this feedback approach, a suitable control 
algorithm has been proposed. This algorithm has been designed to adapt the stimulation 
parameters to the gait requirements without the use of a muscle model. In this way, 
problems associated with the latter (such as variations in the muscle's characteristics due 
to daily positioning of electrodes, carry over effects, fatigue and spasms) are avoided. 
Furthermore, the simplicity of the algorithm enables easy coding into the 17C42 
microcontroller incorporated in the stimulator. However, the implementation and 
evaluation of this algorithm was postponed pending the development of a more robust 
foot-clearance system. Nevertheless, specific suggestions relating to these issues are given 
in the next chapter. 
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CHAPTER 9 
FURTHER WORK 
9.1 INTRODUCTION 
This chapter provides suggestions for further possible improvements in the open-loop 
system developed, improvements in the distance-measuring system to increase its 
robustness, and the implementation of the closed-loop algorithm for maintaining a 
minimum clearance of the foot from the ground. Each of these, is discussed in the 
subsequent three sections. 
9.2 FURTHER WORK IN THE OPEN-LOOP SYSTEM 
The open-loop system developed can be divided into three sections, namely stimulator, 
RS232 link interface, and LabVIEW control panels (figure 9.1). 
PC 
CONTROL STIMULATOR 
PANEL 
RS232 LINK 
000 
PC SOFTWARE STIMULATOR SOFTWARE 
Software RS232 LINK Software 
for Communication Communication for 
LabVIEW Software Software stimulation 
panels features 
Figure 9.1 Schematic representation of open-loop system: The diagram depicts the hardware 
and software of the open loop system developed. 
The interface between the stimulator and the PC has been originally designed to 
accommodate expansion of the system, and hence, does not require any further 
developments. However, further work would be beneficial in expanding the software to 
allow more flexible control of the stimulation channels. More specifically, the system 
could be expanded to allow feedback from a maximum of four foot-switches, and the 
synthesis of more complex stimulation envelopes' patterns. An example of this is shown 
in figure 9.2; Here, the stimulation of each channel is described by two envelopes, the 
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initiating / terminating conditions of which is described by any combination of the four 
foot-switches. 
Terminate A Terminate B 
Initiate AI Initiate B 
. 44 IBM, 10 --10- 
First Second 
Envelope Envelope 
Figure 9.2 Advanced open-loop control software: The initiate/terminate conditions are 
synthesised through combinations of the four foot switches. Each channel is comprised of two envelopes, 
each being triggered / terminated by its own conditions. 
In this way, the two channels can be programmed to provide a finer control of the 
stimulation timings, and enable their use on any combination of candidate muscles. 
Additional algorithms could be developed to: 
" adjust the timings of the stimulation envelopes according to the patient's walking 
speed. This would overcome problems encountered with stimulation of certain muscle 
groups, such as the hamstrings. The latter require stimulation initialisation at the early 
swing and termination at the mid swing phases of gait. Defining the 'mid swing' though 
could be difficult using fixed timing, as the first changes with speed of walking. 
" accommodate temporal characteristics' variations observed in the foot-switches. 
The coding of such complex software would be eased by the development of algorithms 
to be used along with the C-compiler supplied by Microchip, to enable programming of 
the stimulator in high level language. In this way, software can be developed in C- 
language on the PC, be compiled and subsequently downloaded into the stimulator's 
internal memory for execution. This, would enable the decoding of instructions received 
by the PC, and generally, the features of the stimulator, to be modified on-line without. 
having to open the stimulator. 
Improvements could . also be made in the presentation of the PC based control panels to 
the operator; better graphics, and multi-panel representation of different combinations of 
the two channels of stimulation (i. e. different panels for peroneal -calf, peroneal - 
hamstrings, peroneal - quadriceps stimulation etc. ), would be a sensible course. 
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The above improvements are currently being investigated by the team at the University 
and the Salisbury District Hospital in a project funded by Action Research. 
9.3 FURTHER WORK ON FOOT-CLEARANCE MEASURING 
DEVICE 
In the present design, the spatial arrangement of the ultrasonic transducers is crucial with 
regards to their performance. As a result, small misalignments can lead to large 
degradation in the resolution of the system. Furthermore, a unique spatial arrangement to, 
be used for the routine implementation of these sensors can not be defined, as this 
depends on the characteristics of each individual ultrasonic transducer. Finally, although 
the present system has shown robustness to day - to - day variations in lab temperatures, it 
is expected that its performance will degrade with more extreme fluctuations in 
temperatures. It is therefore essential for the system to be further improved, if it is to have 
any routine clinical and research applications. 
It has been theoretically demonstrated in section 5.8.1, that it is possible to digitise the 
noise signal, and store it into the internal RAM of a 17C42 microcontroller. By doing this, 
the digitised noise can be stored at the beginning of each session, and be subtracted from 
the subsequent digitised signals obtained during gait, to give the true echo (figure 9.3). 
Stored digitised 
noise 
Captured, digitised echo 
THRESHOLD 
new signal 
a_Clean 
reflection 
stop 
Start _ TIMER 
Time to first peak 
Figure 9.3 Electrical elimination of noise using digitising techniques: The digitised noise 
is subtracted from the new signal recorded during measurements. The resulting signal is the clean echo. If 
the amplitude of this echo exceeds a preset threshold then the timer is stopped, and the time lapse between 
the start of the measurement and the termination, represents the flight time of the echo. 
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From this echo, an estimate of the distance from target can be derived from the time-to- 
first signal peak exceeding a preset threshold. A block diagram of the hardware involved 
to implement this has been presented in Chapter 5, section 5.8.1, figure 5.10. 
To enable automatic digitising and storage of the noise, the following procedure could be 
followed: The foot-switches can be used as a reference input to distinguish between swing 
and stance phases of gait. During the swing phase of gait, application of the full allowed 
stimulation would ensure the clearance of the foot from any reflecting boundary, thereby 
allowing subsequent activation of the ultrasonic sensors to record pure noise. By repeating 
this procedure every a preset number of strides (D), then a reliable system can be realised, 
which holds at any time a valid representation of the acoustic noise surrounding the 
sensors. 
It is emphasised though, that this could have adverse effect on the patient's gait, as the 
sudden increase in the stimulation level might confuse him/her. Nevertheless, since 
automatic digitising. of noise is an attractive option, it is worth implementing and 
evaluating it. 
The digitising technique, besides improving the robustness of the system, would enable 
close alignment of the ultrasonic transmitter and receiver, thereby decreasing the size of 
the overall sensor and making its attachment on the shoe easier. The attachment of the 
sensors on the shoe could be implemented by fitting a permanent base for each sensor set 
inside the sole of the shoe, over which the sensor could be fixed whenever the system is to 
be used. This technique implies damaging the shoe. Nevertheless, since from the 
experiments conducted the need for a more robust fixation technique was demonstrated, 
shoe damage seems inevitable. 
9.4 IMPLEMENTATION OF THE CONTROL ALGORITHM 
As the control algorithm will not use a muscle model, then an empirical procedure is 
recommended for identifying the system's parameters. To simplify this procedure, 
LabVIEW panels can be developed which display the parameters under identification, the 
outputs of the estimator and PI controller, and the discrepancy between the desired and 
attained clearance. Therefore, the operator can adjust the controller's parameters on-line, 
while observing their effects on the PC monitor. 
The parameters to be identified, and their functions (as discussed in chapter 7) are 
summarised below: 
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AMAX, and AMIN: Maximum and minimum allowed amplitudes respectively. Initially these 
values will be adjusted by the patient, and subsequently be stored in the stimulator for 
home use. 
dA : The convergence factor in case the prediction by the PI controller has resulted in 
poor results. 
IPI : This is the sampling interval of the system, and the interpulse interval of the 
stimulation. 
F: The frequency to be used during the initial burst of high frequency (for a period T-see 
section 7.4.1) which aims at exploiting the catch-like property of the muscle. 
PW : This is the pulsewidth of the stimulation. 
C,,., : Minimum clearance threshold. If the clearance of the foot goes below this threshold 
then the high level controller will bypass the low level controller, and apply maximum 
stimulation. 
D: The number of steps that have to elapse before digitising the noise (This parameter 
has not been discussed in chapter 7; it has been introduced following the suggestions for 
improving the feedback sensors in section 9.3) 
N: The number of amplitude estimates stored in the estimator. 
B: This is the number of steps that have to be allowed, before the estimates of the 
controller are stored for subsequent use in the next session i. e. when the stimulator is 
switched on next. 
G: This is the gain of the PI controller, and its value will depend a lot on the disability of 
the patient. 
a: This is the zero of the PI controller, and should be within a range of 0 and less 
I1I. 
This value controls the responsiveness of the controller to perturbations. 
The main parameters that would dictate the efficiency of the algorithm would be N, dA, G 
and a. As an alternative to the suggested trial and error procedure, the method of Least 
Squares Error can be used to automate the identification of the above parameters. This 
method has been successfully adopted by many workers for identifying the parameters for 
their controllers [Wilhere et al., 1985; Bernotas et al., 1987] 
9.5 CONCLUDING REMARKS 
Within the confines of a user-friendly surface electrical orthosis, the work has reached 
completion; the improvements suggested for increasing user friendliness are currently 
under development. The further work suggested on the feedback sensors is expected to 
decrease their size, and increase their reliability and robustness. In this way, the sensors 
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will be easily fitted on, and operate reliably without the user having to adjust anything. 
The proposed closed-loop algorithm is simple in structure, and has the advantage of not 
employing a muscle model for its operation. This simplifies the procedure for identifying 
the controller's parameters. Furthermore, the combination of LabVIEW panels with the 
algorithm, will enable a user-friendly, on-line means of identifying the parameters without 
having to open the stimulator. Should it be required, the least square error method could 
be used to automate this identification. It is expected, that after programming the 
controller's parameters, the system can be used reliably home, without the need for any 
readjustments; the system will adapt to most internal or external perturbation, thereby 
maximising the efficiency and use of FES orthosis. 
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All INTRODUCTION 
These notes are a guide to the construction and testing of the Compustim 10B stimulator - 
they are not definitive. It is assumed that the user has a basic knowledge of circuit 
construction and analysis techniques. It is advised that the usual protection measures for 
handling static sensitive semiconductors are employed. It is also advised that one bottom 
and top board be constructed as test units to which other boards can be compared. Finally, 
in the notes values of Vbat and That are given; these are the values taken from the Thurlby 
PL3 10 power supply used in the construction of the prototypes. 
A1.2 BOTTOM BOARD 
A1.2.1 Power Supply Circuitry 
This is the circuit required for the supply of the +5 volt rail (Vcc rail) from the main 
power supply - the battery in practice (Vbat). The following components should be added 
to the pcb: 
1. MT201, R201, R212, D201, D202. [NOTE: cathode pin of D201 needs to be cut flat on 
the underside of the board to allow IC4 to be soldered later]. 
2. IC201, R202, R206, R207, C202 and C203. 
3. VR1, VR2, SW1, SW2, ie the two potentiometers for the amplitude control, and the 
decoupling capacitors, C3 and C4. 
4. PP3 wire. 
Testing Procedure 
a. Before power is applied on the pcb check that there is no short circuit 
between the main power supply rails (Vbat, Ve and Vcc) and 0V. 
b. Turn both potentiometers fully off and apply a voltage in the range of 7 to 
10 volts to the PP3 leads. No voltage should be detected on pin 8 of IC201. If 
it does, that means that one or both of the potentiometers is faulty. 
c. After either of the front panel pots is turned on, the voltage of the input 
source (allowing approximately 0V7 volts for voltage drop across diode, 
transistor and resistor) should reach pin 8 of IC201. 
[measured values, Vbat = 8V9, pin8 = 8V3, That < ImA] 
d. The output voltage from pin 2 of IC201 should be 5 volts (with an allowed 
variation of 5%). Any other output voltage means that IC201 is faulty. 
[measured values, pint = 5.08V, +/- 5% = 250m PI 
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e. With the voltage on pin 8 of IC201 above 7 volts, pin 7 of IC201 should be 
high. 
[measured values, pin? = 103 V] 
f. Vbat should be gradually reduced until pin 7 of IC201 is caused to go low. 
When this happens Vbat should be in the range of 7V5 to 8V. If it is not, then 
either the resistors R206, R207 are not connected correctly (as specified in the 
circuit diagram) or IC201 is faulty. 
[measured values, pin 8= 6V8 to 7V ] 
g. With the potentiometers switched off, a voltage of 10 volts should be 
applied to the external +10V power input (in parallel with the power applied 
to the PP3 leads - see diagram for connection point). A voltage of 
approximately 9V should be measured on pin 8 of IC201 
[measured values, "ext input= 10VI, pin8 = 9V1 ] 
A1.2.2 Reset Circuitry 
This is the circuitry activating RESET when there is a disturbance on the Vcc line or a 
software error in the 16C71. 
1. Add IC7, IC3, R8 and decoupling capacitors DC1,6,7 to the PCB and connect pads A 
and B of LINK Si (pin 3 of IC7 to ground). 
Testing procedure 
a. Before power is applied on the pcb check that there is no short circuit 
between the main power supply rails (Vbat, Ve and Vcc) and 0V. 
b. After the pcb is powered up, pin 6 of IC7 should be logic low/high while 
pin 5 of IC7 is logic high/low. Any other output combination would suggest 
that IC7 is faulty. 
2. Add R6, R7, CI, C2, XTAL1 and add the socket for IC1. 
3. Insert the 16C71 with the test software. 
Testing procedure 
a. Before power is applied on the pcb check that there is no short circuit 
between the main power supply rails (Vbat, Ve and Vcc) and 0V. 
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b. After the pcb is powered up, pin 6 of IC7 should go logic high while pin 5 
should go logic low (pins 6,7,12,13 of 16C71 should be logic high). 
[measured values, Vbat = 8V8, Ibat =1-2mA] 
In case of an error, the circuit board should be re-checked for bad solder 
connections or short circuits between pins. 
If the error persists, then one of the three IC's (ie IC1,3 and 7) is likely to be 
faulty. Each one should be replaced in turn (in the order IC1,7 and 3) and the 
relevant previous tests completed until the correct output is obtained. 
A1.2.3 Mode Selection 
1. Add IC2, R2, R3, R4, R5, R15, R16, decoupling capacitor DC2 and the encoder to the 
pcb. 
Testing procedure 
a. Before power is applied on the pcb check that there is no short circuit 
between the main power supply rails (Vbat, Ve and Vcc) and 0V. 
b. Power up the circuit and rotate the mode selector one step clockwise and 
one step anti-clockwise. (within 5 seconds). After this, counting the number 
of pulses seen on pin 6 of IC1 will give the mode position. Check that all 10 
modes count are present (0 to 9 pulses). [NOTE: power will have to turned 
OFF and then ON for each mode to be checked]. 
[measured values, Vbat = 8V9, That = 2-3mA] 
If this is not observed, then the fault should be either in the decoder or in IC 1, 
otherwise the fault is likely to be within IC2. 
A1.2.4 DAC Circuitry 
1. Add IC5, IC6, R9, RiO, R11, R12, R13, R14, C5, C6, C7 and decoupling capacitors 
DC 3,4,8 to the pcb. 
2. Connect pads A and B for LINKI. [NOTE LINKI is NOT LINK Si]. 
Testing procedure 
a. Check for short circuit between the power rails as above. 
b. Set the mode select to mode 1 
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c. Power up the circuit. Two output waveforms on pins 7 and 8 of ICS should 
ramp up to approximately 3V8 and then ramp down to around 0V4. 
[measured values, Ybat = 8Y9, lbal = 2mA] 
If the output waveforms mentioned above are not observed, then: 
d. The pcb should be re-checked for bad solder joints or short circuits between 
pins. 
e. The waveform on pin 1 of R11 should be a square wave with changing 
pulsewidth. If this waveform is not observed, then the fault is either in the 
decoder (IC3) or in the microcontroller (ICI). 
f. Pin 1 of IC5 'should display a sawtooth type waveform with a slow ramp up 
and a sharp ramp down. A dc waveform of 5 volts on pin 1 of IC5, would 
suggest that the DAC capacitor, C5, does not discharge properly. In that case, 
the waveform on pin 6 of IC6, should be displayed and analysed. If a pulsing 
waveform is observed, then the fault should be within IC6, otherwise the fault 
is likely to be either in the 16C71 or in IC3. 
g. The presence of a square waveform on pins 13 and 5 of IC6, would suggest 
that the 16C71 and IC3 are functioning and that the fault is within IC6 or IC5. 
A1.2.5 Analogue Inputs 
1. Add IC4, Rl, R209, R208 and decoupling capacitor DC5 to the pcb. 
Testing Procedure 
a. Check the pcb for short circuits between the power rails as above. 
b. Power up the circuit. 
c. Set stimulator for one of the 4 analogue test modes: - 
mode 2, the front panel pots control the output of the DACs. 
mode 3, analogue inputs 1 and 2 control the output of the DACs. 
mode 4, analogue inputs 3 and 4 control the output of the DACs. 
mode 5, analogue input 5 and the power (by varying the input power 
to the circuit) control the output of the DACs. 
Note: It is recommended that only mode 2 and the power selection from 
mode 5 are actually tested, but that a pin to pin test for the remaining 
analogue inputs to the multiplexer IC4 is completed. 
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d. The variation of the DAC output's can be observed on pins 7 and 8 of 
IC5. 
[measured values: Vbat =8 V9, That = 2mA] 
If the circuit fails to work then replace the 16C71, and if the error persists 
replace IC4. 
A1.2.6 LED Circuitry 
1. Add IC101, R101, R102, R103, R104, R106, R109, R113, BT101, BT102, BT103, 
BT104, L101, L102 and connect pads A and B of LINK2 (S2). 
2. Add R105, R108, R112 and connect pads A and B of LINK3 (S3). 
Testing procedure 
a. Check the pcb for short circuits between the power rails as above. 
b. Set the mode select to mode 2 
c. Power up the circuit. The LED's should flicker with varying intensity as the 
output of the DACs is varied using the potentiometers. 
[measured values, Vbat = 8V9, That = 3mA (LEDs of) and 4mA (LED's On full)] 
If the LED's do not flicker, check connections (as done before) and check for 
correct orientation of the LED's. The input to BT103/BT104 should be high 
with pulses going low. Pin 13 and 9 of IC 101 should be an inverted waveform 
of the one obtained on pinI of R102/R104 
A1.2.7 Power Stage Circuitry 
1. Add MT1OI, MT103, R107, R110, R111, C201, PM101, PM102, TRIM, TRI02 and 
connect pads B and C of LINK4 (S4). 
Note: Apply a strip of double sided tape to the underside of TR101 and TR102 before 
soldering. " 
Note: Cut of half of the heatsink on PM101 and PM102 before soldering. 
2. Add MT 102, D101, D102. 
3. Attach the Jack Sockets to the pads TJ1-4 through flying leads. 
Testing Procedure 
a. Check the pcb for short circuits between the power rails as above. 
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b. Set the mode select to mode 2 and ensure that the front panel pots are at the 
minimum position. 
c. Power up the circuit and increase the output on each channel in turn and 
check for correct output waveform using standard test loads (lk//100nF) 
d. Gradually decrease the input voltage until the circuit resets itself. The 
MOSFETs (MT101, MT102 and MT103) should reset the power stage when 
the input voltage drops beyond approximately 6.8 volts. 
[measured values; (c) Vbat =8 V9, That - 3m4 with outputs at zero, Mat = 20-24 mA with 
one output at maximum, maximum output approx. 120V dropping to approx. 60V over 300 p 
s, reverse peak = approx. 60Y ramping to OV in approx Ims. (4 Vbat = 8V9 at start and 
pots at mid value, Ibat =10mA, switch offoccurred at Vbat = 6V3-6V4] 
If the circuit fails to work check for poor solder connections. If this isn't the 
problem check the operation of the circuit from the IC5 onwards. 
A1.2.8 Voltage Reference Circuitry 
1. Add C204,8205 and VS1. 
Note: Ensure VS1 is placed such that there is space for the interboard connector (it is 
suggested that the top of VS1 level with the top of C201). 
Note: REF50Z can be used instead of ZRA500, but it will have to be rotated through 
180°. 
Testing procedure 
a. Check the pcb for short circuits between the power rails as above. 
b. Set the mode select to mode 2 and ensure that the front panel pots are at the 
minimum position. 
c. Power up the circuit and ensure that over a Vbat range of 7V5 to 9V5 that 
the reference output does not change by more 100mV. 
[measured values, Vbat = 8V9, Vref = 5.2V] 
If the circuit fails to work check for poor solder connections. If this isn't the 
problem then it is likely that VS 1 is faulty - or has been put in incorrectly. 
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A1.3 TOP BOARD 
A1.3.1 Buzzer Circuitry 
1. Add to the top board RIO, R11, BT1, ICI 1, XTALI, Cl, C2, DC1 and DC10. 
2. Add to the top board the socket for IC1, and BZ1 (check for correct polarity). 
3. Insert the 17C42 containing the test software. 
4. Connect two boards using the IDC cable and connectors - see section 4. 
Testing procedure 
a. Check the pcb for short circuits between the power rails as above. 
b. Power up the circuit. If the circuit is functioning correctly, then there will 
be a 500ms (approx. ) pulse from the buzzer Is (approx. ) after power up. 
[measured values, Vbat = 9V (approx. ), That - 16mA - variable because of uncommitted 
digital I/O] 
Failure to do so could be because of loose contacts in the connection between 
the two boards. Check if Vcc rail reaches the top board and whether the RS 
line is low (and pin 32 of the 17C42 is high). If the error persists, check for 
correct orientation of the buzzer. 
A1.3.2 EEPROM Power Supply 
1. Add to the top board R3, R4, BT2, MT2. 
Testing procedure 
a. Check the pcb for short circuits between the power rails as above. 
[measured values, Vbat = 9V (approx. ), That = 15/16mA - variable because of uncommitted 
digital I/O] 
A1.3.3 Memory And Digital Output 
In this section one could either add all of the components to the board and go straight to 
the test, or add individual components and check for correct soldering and sensible current 
drain before proceeding - latter is preferable if this is your first attempt at surface mount 
work on the top-board. For the latter: - 
1. Add to the top board RI, DC2, DC3, DC6, DC7, DC8, DC9 and DC11. 
2. Add IC5 [measured values, Vbat = approx. 9V, That = 6mA. Reset tone OK] 
3. Add IC8 [measured values, none. Reset tone OK] 
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4. Add IC4 [measured values, Vbat = approx. 9V, That = 16mA. Reset tone OK] 
5. Add IC7 [measured values, Vbat = approx. 9V, That = 6/7mA. Reset tone OK] 
Testing procedure 
a. Check the pcb for short circuits between the power rails as above. 
b. Power up the circuit. The program in the 17C42 writes 5 bytes into the 
EEPROM, reads them back and if correct pulses the buzzer for approx 500ms, 
approx. Is after the buzzer circuitry check. If not correct then the program 
goes in a loop sending and reading the same values continuously. In this way 
the control signals can be tracked and the error can be located, eg check WE\, 
OE\ and CE\ of EEPROM etc. 
6. Add IC9 [measured values, Vbat = approx. 9V, That = 7/8 mA. Reset tone OK] 
7. Add IC10 [measured values, Vbat = approx. 9V, That = 8/9 mA. Reset tone OK] 
c. Check the pcb for short circuits between the power rails as above. 
d. If the EEPROM operates correctly then the 17C42 writes 5 bytes into the 
RAM's and reads them back. If correct then the buzzer is again pulsed for 
approx. 500ms approx. Is after the EEPROM check pulse. If not then the 
program goes in a loop. The same method as mentioned above for locating the 
error can be applied. 
8. Add IC6, RN 1 and DC5 [measured values, none. Reset tone OK]. 
9. Add IC2 [measured values, Vbat = approx. 9V, That = 7/8 mA. Reset tone OK]. 
10. Using links 2 and 3 connect RA2 and RA3 of IC1 to ground. 
e. Check the pcb for short circuits between the power rails as above. 
f. After the EEPROM and RAM tests has been completed the byte 
"10101010" is loaded on the digital output. 
[measured values, Vbat = approx. 9V, Mat = 6mA] 
A1.3.4 Communication Between The 17C42 And 16C71, and Digital Input 
1. Add IC3 and DC4. 
Testing procedure 
a. Set the mode select to mode 6- THIS IS VERY IMPORTANT to avoid 
damage to the bottom and top board circuitry. 
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b. Power up the circuit. The 17C42 will download two bytes to the 16C71 and 
then receive them back. If the communication fails then the communication 
will repeat itself to facilitate location of the error, ie the waveforms on the two 
communication lines can be displayed on an oscilloscope and hence analysed. 
If the communication is successful then the buzzer will be pulsed for approx 
5 00ms approx. 1s after the RAM check pulse. 
[measured values, Vbat = approx. 9V, That = 6mA] 
A1.3.5 Asynchronous Communication 
1. No components to -be added. 
Testing procedure 
a. Turn on the PC 
b. Using an RS232 level translator unit, connect the stimulator to the PC 
running the LabVIEW RS232 test software. 
c. Power up the circuit. The PC will attempt to send 8 bytes to the stimulator 
and receive the same 8 bytes back from the stimulator using the established 
protocol. If the test is successful, then this will be indicated by the PC. 
d. After this test the program in the stimulator goes into a loop, reading the 
digital input (IC6) and writing the read value to the digital output (IC2). 
A1.4 Miscellaneous 
1. Connect a wire link (red) from the Vcc pin of the resistor network to pad TJ2. 
2. Connect a wire link (black) from the Ground pad (for RA2/3) to pad TJI. 
3.3 pin VERO connector is to be used for RS232 - see diagram for wiring details. 
4.5 pin VERO connector is to be used for analogue/digital I/O (foot switches 
initially) - see diagram for wiring details. 
5. Burr out inside of lid to allow nuts for 3.5mm Jack Sockets to be fitted easily. 
6. Use approx. 65mm of ribbon cable for the top-bottom board interconnecting cable. 
7. The left hand front pillar of the box base will need to be cut away to allow the 
bottom board to be fitted (inter-board connector problem). 
8. Drilling diagrams and front/rear panel designs to be discussed. 
4 
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APPENDIX A2 
ODSTOCK TWO CHANNEL 
STIMULATOR 
02CHS 
PRELIMINARY INSTRUCTIONS 
PAUL TAYLOR 
NOV 1995 
ACTION RESEARCH 
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Test Switch 1 Test Switch 2 
3.5 rum Output 
Sockets 
Battery compartment Test switchess... 
" 
. ý ý ," ,i 
ýr. l .w"! eL4ý iý1ý S. ý""i'" ý: kýý`gl". ýw:. ýil 
T+ý. t .. ý ". l, "" 
Double Foot Switch input Single Foot Switch input. 
2.5 mm jack - Channel 1. 
Odstock 2 Channel Stimulator External Controls and Conections 
Foot switch 1 (heel switch) - Channel 1 
Foot Switch 2 (toe switch) - Channel 2 
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Odstock 2 Channel Stimulator 
O2CHS 
Instructions 
Think: of the O2CHs as two dropped foot stimulators in a single box. They can act 
fully independently with all the same features as the ODFSII or can interact to allow 
one to effect the other. Additionally, there is a delay before channel 2 triggers which 
can be set to zero. 
Generally channel I will be used for common peroneal stimulation. Channel 2 can be 
triggered by channel one's foot switch (labelled Heel or from the single foot switch 
socket) or by its own foot switch (labelled toe). Channel one can be triggered by 
channel two and ended by channel one as in push off. 
Controls 
1. Freq.: 
2. Time l: 
3. Up Ranmp: 
4. Down Ramp: 
5. Delay: 
6. Time 2: 
7. Up2: 
S. Down 2: 
Switches 
Frequency adjustable between 20 and 80 Hz 
Max. time or fixed time for Channel 1. 
Rising edge ramp for ch 1 
Falling edge ramp for Ch. I 
Ch 2 pre trigger delay. 
Max. time or fixed time for Ch. 2 
Rising edge ramp Ch. 2 
Falling edge ramp channel 2 
1. Chl Timing A fixed time 
B adaptive time 
2. Chl Power A low power 
B high power 
3. CH2 Timing A adaptive time 
B B. fixed time 
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4. CH2 Timing 2 A Channel 2 on while channel one is off 
B Channel 2 either fixed o adaptive timing (s%%-. '3) 
-Z. Ch2 Power A Low power 
B High Power 
6. Chi rise/strike A Heel Rise 
B Heel strike 
7. Ch2 rise/strike A Heel Rise 
B Heel strike 
8. CHI/2 interaction I A Chi independent, triggered by the heel switch 
B ChI triggered by Chg. ended by the heel foot 
switch 
9. Ch2/l interaction 2 A Ch 2 controlled by Ch. I 
II Ch 2 independent 
Notes 
Bilateral Dropped foot 
One foot Switch. 
Channel) heel rise swA 
Channel 2 heel strike s,. w-7 B 
Channel I adaptive timing. SW1 B 
Channel 2 adaptive timing. s%%-? A 
Channel 2 fixed or adaptive timing SW4 B 
Channel 2 controlled by Ch. 1 swtw9 A 
Channell independent sw8 A 
Adjust delay to give some time between channels I and 2 
ramps to taste. 
Push Off 
Two foot switches 
Channel I heel rise sw6 A 
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Channel 2 heel strike s%%, 7 B 
Channel I adaptive timing. SWi B 
Channel 2 adaptive timing. swr3 A 
Channel 2 fixed or adaptive timing SW4 B 
Channel 2 Ch. 2 independent sw9 A 
Channel 1 Triggered by Ch. 2 sw8 B 
Set the delay to its minimum 
Set chl up ramp to low 
Set Ch. I down ramp to medium. 
Ch2 ramps to taste. 
Dropped Foot and Hamstrings 
Two foot switches. 
Channel I heel rise s,, w-G A 
Channel 2 heel strike s%v7 B 
Channel I adaptive timing. SWI B 
Channel 2 Fixed timing. sýý3 B 
Channel 2 fixed or adaptive timing SW4 B 
Channel 2 independent sß"9 B 
Channel I independent s'vww8 A 
Set the delay to start the hams after flat foot but before heel rise. 
Set Time 2 to end stimulation at about mid swing. 
Ramps to taste. 
Dropped foot and arm swing 
Single footswitch 
Channel 1 heel rise or strike sw6 A/B 
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Channel 2 heel strike or strike swv7 B/A 
Charnel I adaptive timing. SWI B 
Channel 2 adaptive timing. sw3 A 
Channel 2 fixed or adaptive timing SW4 B 
Channel 2 contiolled by Ch. 1 sw9 A 
Channel1 independent sw8 A 
Ramps to taste. 
Delay to taste. 
Dropped foot with quads 
One foot switch 
Channel I heel rise sww-6 A 
Channel 2 heel strike sww"7 B 
Channel I adaptive timing. SWI B 
Channel 2 n/a sw3 A/B 
Channel 2 Non timed SW4 A 
Channel 2 controlled by Ch. 1 sw9 A 
Channel1 independent sw8 A 
Delay set to m inimum 
Ramp to taste 
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VARIATION OF ACOUSTIC PRESSURE WITH DISTANCE 
FROM THE SOURCE, AND ANGLE OF DIVERGENCE 
The analysis derives the relationship between the acoustic pressure, and the distance from 
the source and beam's angle of divergence. The arrangement consists of a source 
generating ultrasonic waves at a beam angle 0( and therefore, since beam width is twice 
the beam angle , the 
beam width is 2 0), figure A3.1. The assumptions are made, that all 
the ultrasonic energy is concentrated over an area A of radius r, and there are no energy 
losses. 
Ultrasoi 
r 
Figure A3.1 Relationship between ultrasonic energy and distance from the source. 
The total acoustic energy, ET 9 arriving at an area A, can be described by, 
ET =EA {EgnA3.1} 
where E is the energy per unit area. 
From figure A3.1, the area can be described using the equation below: 
A= 7c r2 =n (D tan (0))2 {Eqn A3.2) 
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Combining equation A3.2 and A3.1, an expression is obtained relating the total energy ET , 
and the distance D, and beam angle 0. 
ET =En (D tan (0))2 (Eqn A3.3) 
But the energy per unit area E, is proportional to the intensity of the wave (intensity is the 
amount of energy transmitted in one second normalised through a unit area). Therefore, 
the intensity will vary inversely to the square of the distance (this is called the inverse 
square law) and the tangent ofthe beam's angle, as shown below. 
ET 
cc -i ir(D tan(9))2 
{Eqn A3.4}. 
It can also be shown [*], that the intensity varies with the square of acoustic pressure, 
according to the equation below: 
2 
(EgnA3.5) 
PC 
where, 
P is the acoustic pressure, 
p is the density of the media, and 
c is the speed of sound. 
Combining equations A3.4 and A3.5, then an expression relating acoustic pressure and 
distance D, and angle 0 can be obtained: 
PaD 
tan(9) 
(Eqn A3.6) 
Therefore, acoustic pressure varies inversely with distance and the tangent of the beam 
angle. 
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ANALYSIS ON THE EFFECTS OF REDUCING THE 
DIAMETER, AND INCREASING THE FREQUENCY ON THE 
POLAROID'S ELECTROSTATIC TRANSDUCERS 
The analysis that follows, is based on the characteristics of the existing electrostatic 
transducers supplied by Polaroid (the specification is found at the end of this appendix). 
The basic general procedure is to first determine the minimum Sound Pressure Level 
(SPL) at the receiver for a specific transmitter drive voltage and distance between the 
transmitter and receiver. This SPL (which is derived from the transmitter's sensitivity and 
is expressed in dBs) must then be converted to ! Pa! (Pascal) or'pbar' (microbar) units. The 
sensitivity of the receiver must then be converted from a dB reference to an absolute 
millivolts / unit of pressure, and finally multiplied by the level of pressure to obtain the final 
output in millivolts. 
The ultrasonic transducers supplied by Polaroid are quarantined to detect an object within 
a range of 10 m, come with a portable driver/decoding circuit (dimensions 4.5 x 4.5 cm), 
and are suitable for outdoor applications. The analysis that follows, will: 
a. employ the existing transducer's design to calculate the SPL received, and the 
corresponding output of the receiver, when a 100% reflection is assumed from a boundary 
placed 10 m from the sensors (this is the quarantined range of operation). 
b. employ the existing transducer's design (as it's features satisfy the specification), with 
the only modified factors being a decreased diameter (to 0.5 cm), a change in the beam's 
angle (from 10 to 80° ) and an increased operational frequency (from 50 to 48 kHz), to 
calculate the outputs stated above, from a boundary placed 5cm in front of the sensors 
(this is the required range in the specification 2x5 cm). 
c. employ the same conditions as above, but with beam angle and frequency of operation 
being set at 42° and 100kHz respectively. 
Case (a) will be used as a reference to evaluate the effects of the modifications to the 
original design. By doing this, knowledge of reflection coefficients, and attenuation in air 
are not required (ie. the performance of the reduced diameter transducers will be assessed 
by comparison with the existing ones). However, this requires the following assumptions 
to be made: 
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- the decrease in diameter does not affect the sensitivity of neither the receiver nor the 
transmitter. This is based on the assumption (based on theory) that when decreasing the 
diameter of the transmitter, the energy per unit area is not changed; only the total energy 
changes [Gooberman, 1968 pp. 63; Blitz, 1967, pp53]. This will result in the transmitting 
sound pressure being unaffected. On the receiver side, the reduction of area causes a 
proportional decrease in the energy received. However, because the capacitance of the 
transducer decreases proportionally with the area, the output voltage will be unaffected 
(Energy input oc square of the output voltage * capacitance) [Kuttrug 1991, pp. 154; 
Gooberman, 1968, pp. 75]]. 
- the increased scattering in air with the increased frequency can be neglected. The validity 
of this assumption can be substantiated if the minimum wavelength of operation is 
considered: at the maximum frequency of 100kHz, the corresponding wavelength will be 
3.4 mm. For scattering to have a significant effect, the impurities in air must have a size 
three times the wavelength i. e. 10.2 mm. As it is unlikely that impurities of such size will 
exist even in a dusty atmosphere, for the purpose of this analysis this assumption can be 
considered valid. 
- the increased scattering of the beam during reflection effected by the increased 
operational frequency, can be represented by a proportional reduction in intensity. From 
literature the scattering effect varies proportionally with the frequency to the power of 
four. Therefore, the intensity will fall with the frequency to the power of four. Since the 
intensity is proportional to the square of the acoustic pressure, it follows that the latter will 
fall with the square of frequency 
i. e. 
Intensity a1/ Scattering effect ac 1/f4 oc (Acoustic Pressure)2 
Acoustic Pressure a 1/ f 
This assumption though, does not take into account the different sizes of 'anomalies' 
present at the surface of the reflecting boundary i. e. it is assumed that the number of 
anomalies with sizes three times the acoustic wavelength, remains constant with changing 
frequency. This assumption, though impairing the accuracy of the calculations, simplifies 
immensely the analysis. The validity of such assumption is reinforced by the commercial 
availability of ultrasonic transducers for air applications, at frequencies above 100kHz 
(Polaroid has transducers on offer operating up to 200kBz). This implies that the effect of 
scattering is not severe. 
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- the reduction of SPL caused by the air absorption associated with the higher frequency 
does not deviate from the one calculated from literature (the changes in absorption with 
frequency are presented in table 5.1). 
- the relationship between SPL and beam width and distance from source conforms with 
the equation A3.6 in Appendix A3 ie. it is assumed that the energy is concentrated in a 
beam cone, and no losses occur due to deviations of energy from the main beam. 
A4.1 DETERMINING THE SPL AT, AND VOLTAGE OUTPUT OF THE 
RECEIVER USING THE EXISTING POLAROID ELECTROSTATIC DESIGN 
(diameter 3.8cm, beam angle 10°, frequency 50 kHz). 
From the specification, the transmitter sensitivity is 110 dBs - this refer to 20µPa at 1 
meter. Therefore, if a boundary is placed at a distance of 10 m (quarantined detection of 
boundary at this distance), then the acoustic path will be 20m. Therefore, the 
corresponding SPL at the receiver will be: 
SPL at the receiver =110 - 20 log (20 / 1) = 110 - 26 = 84 dBs {Eqn A4.1} 
As this is referenced to 20tPa, the SPL in micro Pascal can be determined by dividing by 
20, taking the anti log, and multiplying by 20. Therefore, 
SPL in micro Pascal = log' (84 / 20) x 20 = 316,978 µP {Eqn A4.2} 
The receiver's sensitivity is -42 dB, referenced to 1V/ Pa, i. e. 
Receiver sensitivity in dBs = 20 log (Output Volts/Pa -1 Volt / Pa)(Eqn A4.3) 
Therefore the output voltage per Pascal can be determined by taking the anti-log of the 
receivers sensitivity divided by 20. 
Output sensitivity in Volts/Pa = log-' (-42/ 20) = 0.008 V/ Pa. (Eqn A4.4) 
It follows that the output voltage will be: 
Output voltage in mV = Received SPL x Receiver's sensitivity (Eqn A4.5) 
= 0.316 x 0.008 = 2.5 mV 
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A4.2 DETERMINING THE SPL AT, AND VOLTAGE OUTPUT OF THE 
RECEIVER USING A MODIFIED DESIGN OF THE ELECTROSTATIC 
TRANSDUCERS. (diameter 0.05 cm, beam angle 80°frequency 68 kHz). 
The divergence angle will change from 10 ° to 80 °. This will cause a reduction in the SPL 
(as calculated using equation A3.6 in Appendix A3). 
SPL due to beam width = 110 - 20 log(tan (80)/tan (10)) {Eqn A4.6} 
= 110 - 30.1 = 79.9 dBs. 
The increase in frequency (from 40 to 68 kHz), will cause three effects on the SPL. It will 
increase the SPL according to equation 5.3 (eqn A4.7), but it will also increase the 
absorption in air according to table 5.1 (eqn A4.8), and the scattering at the reflecting 
boundary (eqn A4.9). These three effects are quantified by the following three equations. 
SPL due to frequency = 79.9 + 20 log (68/40) 
= 79.9 + 4.6 = 84.5 dBs. 
{Eqn A4.7} 
SPL due to increase of absorption in air = 84.5 - (0.07-0.008) (Eqn A4.8) 
= 84.5 - 0.06 =84.4dBs 
SPL due to scattering by reflection = 84.4 - 40 log (68/40) (Eqn A4.9) 
= 84.4 - 9.2 = 75.2 dBs. 
Also, the effective ray's distance will reduce from 200cm to 10 cm. Therefore the SPL at 
the receiving end will be: 
SPL at the receiver = 75.2 + 20 log (200 / 10) = 75.2 + 26 (Eqn A4.10) 
=101.2dBs. 
Converting this into iPa using equation A4.2 will give 
SPL in micro Pascal = log-' (101.2 / 20) x 20 = 2,296,307 µP (Eqn A4.11) 
At the receiving end, the transducer converts this SPL into an electric signal. From the 
specification, the minimum receiving sensitivity referring to 1V/ Pa is - 42 dBs. Since the 
receivers sensitivity will not change with the decreased area, then its sensitivity will be 
0.008 V/ Pa (calculated in equation A4.4) 
It follows that the output voltage will be: 
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Output voltage in mV = Received SPL x Receiver's sensitivity (Eqn A4.12) 
= 2.296 x 0.008 = 18 mV 
A4.3 DETERMINING THE SPL AT, AND VOLTAGE OUTPUT OF THE 
RECEIVER USING A MODIFIED DESIGN OF THE ELECTROSTATIC 
TRANSDUCERS. (diameter 0.05 cm, beam angle 42°frequency 100 kHz). 
The divergence angle will change from 10 ° to 42 °. This will cause a reduction in the SPL 
(as calculated using equation A3.6 in Appendix A3). 
SPL due to beam width =110 - 20 log(tan (42)/tan (10)) (Eqn A4.13) 
=110-14.1=95.9dBs. 
The increase in frequency (from 40 to 100 kHz), will cause three effects on the SPL. It will 
increase the SPL according to equation 5.3 (eqn A4.14), but it will also increase the 
absorption in air according to table 5.1 (eqn A4.15), and the scattering at the reflecting 
boundary (eqn A4.16). These three effects are quantified by the following three equations. 
SPL due to frequency = 95.9 + 20 log (100/40) 
=95.9+7.9=103.8dBs. 
(Eqn A4.14) 
SPL due to increase of absorption in air =103.8 - (0.16-0.008) {Eqn A4.15) 
= 103.8 - 0.15 =103.6dBs 
SPL due to scattering by reflection = 103.6 - 40 log (100/40) (Eqn A4.16) 
= 103.6 - 15.8 = 87.8 dBs. 
Also, the effective ray's distance will reduce from 200cm to 10 cm. Therefore the SPL at 
the receiving end will be: 
SPL at the receiver = 87.8 + 20 log (200 / 10) (Eqn A4.17) 
= 87.8 + 26 = 113.8 dBs. 
Converting this into pPa using equation A4.2 will give 
SPL in micro Pascal=log` (113.8 / 20) x 20 = 9,795,574 µP (Eqn A4.18) 
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At the receiving end, the transducer converts this SPL into an electric signal. From the 
specification, the minimum receiving sensitivity referring to 1V/ Pa is - 42 dBs. Since the 
receivers sensitivity will not change with the decreased area, then its sensitivity will be 
0.008 V/ Pa (calculated in equation A4.4) 
It follows that the output voltage will be: 
Output voltage in mV = Received SPL x Receiver's sensitivity {Eqn A4.191 
=9.795x0.008=78 mV 
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This Instrument Grade electrostatic transducer 
is specifically intended for operation in air at 328 
ultrasonic frequencies. The assembly comes 
complete with a perforated protective cover. . 159 
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. 158 
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Specifications: 
Usable Transmitting Frequency Range See Graph Maximum Combined Voltage 400V 
Usable Receiving Frequency Range See Graph Capacitance at 1 kHz (Typical) 400-500 pt 
Beam Pattern See Graph 150 vdc bias 
Minimum Transmitting Sensitivity at 50 kHz 110 dB Operating Conditions 
300 vac pk-pk, 150 vdc bias Temperature -20°-160°F 
(dB re 20 µPa at 1 meter) Relative Humidity 5%-95% 
Minimum Receiving Sensitivity at 50 kHz -42dB Standard Finish 
150 vdc bias (dB re Iv/Pa) Foil Gold 
Housing Flat Black 
Suggested DC Bias Voltage 150V Cold Roll Steel 
Suggested AC Driving Voltage (peak) 150V Specifications subject to change without notice. 
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Note: dB nomialized to on-axis response. 
Note: Curves are representative only. Individual responses may differ. 
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For additional information. technical assistance or prices and delivery: 
Polaroid OEM Components Group 
Tel: (617) 386-3965 Fax: (617) 386-3966 
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Typical Beam Pattam At $0 kHz 
Typical Free Field Receive Response 
APPENDIX A5 
THE 400ET180/400ER180 TRANSDUCERS' SPECIFICATION 
THIS ENCLOSED TYPE TRANSDUCER CAN BE USED 
FOR OUTDOOR INSTALLATION OR INA DUSTY 
ATMOSPHERE, IT IS NOT RECOMMENDED TO BE 
USED UNDER WATER 
APPLICATIONS 
REMOTE CONTROL DEVICES 
PROXIMITY SENSORS 
ENERGY SAVING EQUIPMENT 
INTRUSION ALARMS 
AUTODOORS 
LEVEL CONTROLS 
SPECIFICATION 
400ETISO 400ER180 
TRANSMITTING SENSITIVITY IISd6 
RECEIVING SENSITIVITY (-) 68dB 
RESONANT FR UENCY 40khz +/- I 
DIRECTIONAL ANGLE 30°C a ox 
MAX. INPUT VOLTAGE 20V rms 
CAPACITANCE pF 3000+/-20% 
TEMPERATURE RANGE 
"20°C TO + 60°C 
RECEIVER SENSITIVITY 
JB : 
. 410 
ýf! 
"70 
35 36 37 38 39 40 41 82 43 +4 'S 
KHZ 
TRANSMITTER SOUND PRESSURE LEVEL 
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DIRECTIVITY 
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too 
90 
19 
Begin 
L90 70 50 30 10 0 10 30 30 70 90R 
11.50 
217 
ao 33 1p 37 38 19 40 41 42 43 41 0 
KHZ 
APPENDIX A6 
ANALYSIS ON THE EFFECTS OF REDUCING THE 
DIAMETER, AND INCREASING THE FREQUENCY ON THE 
'K' SERIES ENCLOSED TYPE TRANSDUCERS SUPPLIED BY 
POLAROID 
The analysis that follows, is based on the characteristics of the existing enclosed type 
transducers supplied by Polaroid (the specification is found at the end of this appendix). 
The basic general procedure is to first determine the minimum Sound Pressure Level 
(SPL) at the receiver for a specific transmitter drive voltage and distance between the 
transmitter and receiver. This SPL (which is derived from the transmitter's sensitivity and 
is expressed in dBs) must then be converted to 'µbar' (microbar) units. The sensitivity of 
the receiver must then be converted from a dB reference to an absolute millivolts / unit of 
pressure, and finally multiplied by the level of pressure to obtain the final output in 
millivolts. 
This analysis attempts to quantify the effects a reduced diameter, change in the beam 
angle and increased frequency of operation, would have on the present design. As the 
performance of transducers with similar to the present design characteristics (i. e. the 
open-type transducers which have been used extensively to investigate the reflective 
properties of ultrasound) have shown to detect a boundary within a distance of at least 
100 cm , 
it was assumed that these sensors could detect an object within this distance. 
Therefore, a distance of 100 cm was used as the quarantined range of this design. 
The arrangement assumed in the analysis, consists of a transmitter and receiver placed at a 
distance from a reflecting boundary. First, the SPL level at, and output voltage from the 
receiver using the existing design will be calculated when the boundary is placed at a 
distance of 100 cm (this corresponds to an acoustic path of 200 cm). Then this will be 
compared with the outputs obtained with the modified design, when the boundary is 
placed at a distance of 5 cm (desired range for the system). The same strategy followed, 
and assumptions made in Appendix A4 will be adopted. 
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A6.1 DETERMINING THE SPL AT THE RECEIVER USING THE EXISTING 
DESIGN. 
From the specification, the transmitter sensitivity is 110 dBs - this refer to 0.0002µbar at 
30cm. Therefore, if the acoustic path is 200 cm (i. e. an acoustic ray has to travel 100 cm 
to the boundary, be reflected, and travel another 100 cm to the receiver - the open-type 
transducer which has similar characteristics could detect easily an object within this 
range), then the received SPL at the receiver will be: 
SPL at the receiver = 110 - 20 log (200 / 30) (Eqn A6.1) 
= 110- 16.4 = 93.6 dBs. 
As this is referenced to 0.0002µbar, the SPL in micro bars can be determined by dividing 
by 20, taking the anti-log, and multiplying by 0.0002. Therefore, 
SPL at the receiver = log"' (93.6 / 20) x 0.0002 = 9.57 bar {Eqn A6.2} 
The receiver's sensitivity is -75 dB, referenced to 1 V/ µbar, 
i. e. 
Receiver sensitivity(dBs)= 20 log (Output Volts/µbar =1 Volt/µbar)(Eqn A6.3) 
Therefore the output voltage per µbar can be determined by taking the anti-log of the 
receiver's sensitivity divided by 20. 
Receiver sensitivity = log-' (-75 / 20) {Eqn A6.4} 
= 0.00017 V/ µbar = 0.17 mV/ µbar. 
It follows that the output voltage will be: 
Output voltage in mV = Received SPL x Receiver's sensitivity {Eqn A6.5) 
= 9.57 x 0.17 = 1.6 mV 
A6.2 DETERMINING THE SPL AT THE RECEIVER USING A MODIFIED 
DESIGN OF THE 40KT08/40KR08 TRANSDUCERS. (diameter 0.05 cm, beam 
angle 80°frequency 68 kHz) 
The divergence angle will change from 52 ° to 80 °. This will cause a reduction in the 
SPL (as calculated using equation A3.6 in Appendix A3). 
SPL due to beam width = 110 - 20 log(tan (80)/tan (52)) {Eqn A6.6} 
= 110- 12.9=97.1 dBs. 
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The increase in frequency (from 40 to 68 kHz), will cause three effects on the SPL. It will 
increase the SPL according to equation 5.3 (eqn A6.7), but it will also increase the 
absorption in air according to table 5.1 (eqn A6.8), and the scattering at the reflecting 
boundary (eqn A6.9). These three effects are quantified by the following three equations. 
SPL due to frequency = 97.1 + 20 log (68/40) 
= 97.1 + 4.6 = 101.8 dBs. 
(Eqn A6.7) 
SPL due to increase of absorption in air = 101.8 - (0.07-0.008) (Eqn A6.8) 
=101.8-0.06 =101.7dBs 
SPL due to scattering by reflection = 101.7 - 40 log (68/40) {Eqn A6.9} 
=101.7-9.2= 92.5 dBs. 
Also, the distance range will reduce from 30cm to 10 cm. Therefore the SPL at the 
receiving end will be: 
SPL at the receiver = 92.5 + 20 log (30 / 10) (Eqn A6.10) 
= 92.5 + 9.5 = 102 dBs. 
Converting this into µbar using equation A6.2 will give 
SPL at the receiver in micro bars log-' (102 / 20) x 0.0002 (Eqn A6.11) 
= 25.2 µbar 
At the receiving end, the transducer converts this SPL into an electric signal. From the 
specification, the minimum receiving sensitivity referring to IV/ µbar is - 75 dBs. Since 
the receivers sensitivity will not change with the decreased area, then its sensitivity in 
mVolts/µbar will be 0.17 mV/ µbar (calculated in equation A6.4) 
It follows that the output voltage will be: 
Output voltage in mV = Received SPL x Receiver's sensitivity {Eqn A6.12} 
=25.2x 0.17=4.2mV 
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A6.3 DETERMINING THE SPL AT THE RECEIVER USING A MODIFIED 
DESIGN OF THE 40KT08/40KR08 TRANSDUCERS (DIAMETER 5MM, BEAM 
ANGLE 42°, FREQUENCY 100 KHZ) 
The divergence angle will change from 52 ° to 42 °. This will cause an increase in the 
SPL (as calculated using equation A3.6 in Appendix 3). 
SPL due to beam width =110 + 20 log(tan (52)/tan (42)) (Eqn A6.13) 
=110+3.2 =113.2dBs. 
The increase in frequency (from 40 to 100 kHz), will cause three effects on the SPL. It 
will increase the SPL according to equation 5.3 (eqn A6.14), but it will also increase the 
absorption in air according to table 5.1 (eqn A6.15), and the scattering at the reflecting 
boundary (eqn A6.16). These three effects are quantified by the following three 
equations.. . 
SPL due to frequency =113.2 + 20 log (100/40) 
= 113.2+7.9=121.1 dBs. 
SPL due to the increased absorption =121.1 - (0.16 - 0.008) 
A6.15) 
= 121.1 - 0.15 = 121 dBs 
SPL due to scattering by reflection = 121 - 40 log (100/40) 
= 121 - 15.8 = 105.2 dBs. 
{Eqn A6.14} 
{Eqn 
(Eqn A6.16) 
Also, the distance range will reduce from 30cm to 10 cm. Therefore the SPL at the 
receiving end will be: 
SPL at the receiver =105.2 + 20 log (30 / 10) (Eqn A6.17) 
=105.2+9.5=114.7dBs. 
Converting this into µbar using equation A6.2 will give 
SPL at the receiver in micro bars =log-' (114.7 / 20) x 0.0002 {Eqn A6.18} 
=108 µbar 
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At the receiving end, the transducer converts this SPL into an electric signal. From the 
specification, the minimum receiving sensitivity referring to 1V/ µbar is - 75 dBs. Since 
the receivers sensitivity will not change with the decreased area, then its sensitivity in 
mVolts/µbar will be 0.17 mV/ Oar (calculated in equation A6.4) 
It follows that the output voltage will be: 
Output voltage in mV = Received SPL x Receiver's sensitivity (Eqn A6.19) 
=108x0.17=18.36 mV 
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The piezo-based "K" Series transducers offer the design 
engineer a unique blend of size, acoustical performance and 
environmental ruggedness when developing an ultrasonic 
sensor. 
This line of transducers is specifically intended for operation in 
air at ultrasonic frequencies and is subdivided into three distinct 
groups: Transmit/Receivers, Pulse/Transceivers and High 
Frequency High Resolution units. 
All use dosed-faced, metal case construction with a resin filled 
back to ensure their integrity in hostile environments. In addition, 
the Pulse Transceivers incorporate internal mechanical damping 
techniques for improved temporal ring control and the High 
Frequency transducers are coated with a special acoustic 
material for optimum efficiency and impedance matching to air. 
Aluminum case 
F 
c 
Ground 0E 
Resin 
0 
Specifications subject to change without notice. 
Dimensions Weight 
Part # Series # A B C D E F Grams 
618899 40KT08 9.1 5 12.8 4.4 0.45 12.8 1 
618900 40KR08 9.1 5 12.8 4.4 0.45 12.8 1 
618901 40KT18 18 12 17 11.5 1.2 12.6 3.7 
618902 40KR18 18 12 17 11.5 1.2 12.6 3.7 
618903 40KT25 25 12 17 11.5 1.2 12.6 7.5 
618904 40KR25 25 12 17 11.5 1.2 12.6 7.5 
Part # -Series # 
Frequency 
kHz 
Beam Ang. 
Degrees 
Transmit 
Sens. (dB) 
Receive 
Sens. (-dB) 
Band Width 
kHz 
Capacitance 
(pt) 
Max Drive 
(Vpp) 
618899 40KT08 40 52 110 1 1800 14 
618900 40KR08 40 52 -75 3 1800 14 
618901 40KT18 40 28 118 1.5 3000 28 
618902 40KR18 40 28 -68 1.5 3000 28 
618903 40KT25 40 22 118 1.5 3000 28 
618904 40KR25 40 22 -68 1.5 3000 28 
tote: T=Transmit, R=Receive, PT-Pulse, HF-High Frequency 
All beam angle measurements are made @ the -3dB point 
Transmit & Receive Sensitivity measured @ center frequency 
Sound Pressure Level (SPL): re OdB-. 0002ubar @ 30 cm 
Transmit Frequency -; J: 1 kHz 
Capacitance value @1 kHz ± 20% 
Receive Sensitivity: 0dB re 1V/ubar @ 30 cm 
Operating Temperature: -20°C to + 60°C 
Standard Finish: Aluminum Housing. Resin Filled Back 
Dimensions in mm 
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OPEN TYPE TRANSDUCER'S SPECIFICATION 
Ultrasonic Ceramic Transducers transfer 
acoustical energy to mechanical energy or vice 
versa. 13 42 The Standard Open Type Transducer is con- 
structed in a manner which incörporates the Applications: 
fundamental structure of a piezoelectric 
ceramic clement of the monomor h type with a p o 
Remote control devices o intrusion alarms 
conical metal resonator. This special combina- o 
Liquid & bulk sensors a Motion detectors 
tion provides high sensitivity (over - 
o Proximity sensors o Auto doors 
65dBN/t, Bar), wider MndWidth, excellent o 
Level controls o Counting devices 
temperature and. humidity durability, stable 
electrical and mechanical characteristics, and 1 
small size. ` 
Dimensions 
Iý C--I A 
C 
/ý e. CRr 0 
ALUMINUM 
--4-F C 
MOUSING 
A= "9. "8 (. 39) 
7.7 (. 30) 
C 6.6 (. 26) 
"'D = 8.5 (. 33) 
.E= 
4.8 (. 19) 
F 0.5 (. 020) 
ITEM UNIT SQ-40-T-10ß SQ-40-R-10ß 
Transmitting 
Sensitivity SV db 110 - 
Receiving 
Sensitivity MV db - -70 
Resonant 
Freq. Trans. khz 40 2 1.0 - 
Resonant 
Frcq. Rec. khz - 40 2 1.0 
Directional Angle Approx 60' 
Max Input Volts Vrms 10 - 
Impedance Approx Approx 700 30k 
Capacitance pf 2000 2 202 
Pulse Rise Time as 0.7 - 
Max Input Volts for 
Pulse Operation Vp. p 
Not recommended for 
Pulse Operation 
Temp Range C -20 + 60 
Trans. Selectivity Qsv 20 Min - 
Rec. Selectivity Qmv - 25 Min 
.c 
j 
.'t 
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Dims in mm 
() in inch 
APPENDIX A8 
HARDWARE DESCRIPTION OF ULTRASONIC 
DRIVE/DECODING CIRCUIT 
The analysis presented in this appendix, refers to the hardware implementation of the 
ultrasonic drivedecoding circuit, presented in the three figures found at the end of the 
text. The first figure, depicts the hardware involved for the transmission and reception of 
the one cycle sine wave signal and reflected echo respectively. Figure A8.2, illustrates the 
design of the 2nd order butterworth filter, and the peak detector; it also shows the power 
regulation block. Figure A8.3 depicts the threshold block. The block diagram of the circuit 
is presented in figure 5.17 (Chapter 5, section 5.9.1) 
Referring to the top section of figure A8.1, and moving from left to right, the 16C71, 
operating at 4 MHz, outputs a digital pulse (in the order of 12µs) through pin RBO. This 
pulse, is passed through a2 nd order Butterworth filter, of pass band centred at 40 kHz, 
and gain of 1.3. The first is dictated by the values of RI, R2, R3 and C3, C4 according to 
the equation below 
Pass band frequency (Hz) =[ Eqn A8.1 ]- 
42- 
2xicxCxR 
where, 
C is the capacitance and is equal to C3 and C4 
R is the resistance and is equal to RI, R2 and R3 
The gain of the filter is described by resistors R4 and R5 as shown in the equation below: 
Gain of Butterworth filter = 
RS +R4 [ Equ A8.2 ] 
4R5-R4 
Therefore, the digital pulse generated by the 16C71, is converted to a single cycle sine 
wave of 40 kHz, and amplitude of 6.5 V (5 x 1.3). 
Depending whether the toe transmitter or the heel transmitter is to be activated, a control 
signal is asserted through pin RBI in the 16C71, directing the output of the filter to the 
corresponding transducer via the MAX303 switch. Notice, that in parallel to this, the 
corresponding received echo is connected to the circuit via the MAX303. 
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Appendix A8 Ultrasonic driver/decodinf circuit 
The bottom side of A8.1, represents the amplification of the echoes received by the two 
receivers. Only the left hand side circuit will be discussed, as the other is an exact replica 
of this. The Heel Receiver is connected to a differential amplifier configuration, of gain 18 
( Gain of differential = R12 / R11- where R13 = R12, and R10 = RI 1). The output of this, 
is directed for finther amplification to the positive-feedback amplifier, having a gain of 101 
(Gain =1+ R14 / R15). Therefore, in total the gain applied to the received echo amounts 
to 1,800 ( Total Gain = Gain of differential amplifier x Gain of positive-feedback 
amplifier). The output of this, passes through the MAX303, which selects between the two 
receivers through a control line supplied by the 16C71( pin RB 1- explained above). 
Referring to the top side of figure A8.2, the signal (RXSIG) is subsequently passed 
through a Passband Butterworth filter of pass-frequency centred at 40 kHz. The design of 
the filter is a replica to the one used to extract the first harmonic from the digital pulse 
shown in figure A8.1. This signal is then passed through a peak detector, to extract the 
positive amplitude envelope of the received echo. The peak detector consists of one 
comparator, one operational amplifier, a resistor, capacitor and diode. The circuit operates 
as follows: when the signal is greater than the output of the peak detector, then the output 
of the comparator is pulled up by resistor (R) to Vdd (+8.4 V). The diode (D6), switches 
on, charging the capacitor C13. The capacitor is charged up, until the output of the peak 
detector is greater or equal to the signal, at which stage, the output of the comparator is 
driven to the negative rail. This causes the switching-off of the diode, thereby maintaining 
the voltage held in the capacitor C13. This procedure repeats itself resulting in the 
maintenance of the peak voltage of the signal 
The bottom side of figure A8.2, shows the regulation of the voltage rails to ±5V, from 
the batteries' nominal voltages of ± 8.4 V. The positive and negative regulations are 
realised by MAX667 and MAX664 respectively. Capacitors C15 and C14 smooth the 
output voltages. 
In figure A8.3, this signal is compared with five voltage thresholds. These five thresholds 
are implemented as an arrangement of six resistors forming a multi level potentiometer 
(see middle of figure A8.3). Therefore, the five thresholds can be described by the 
following five equations: 
Threshold 1= Vcc ( R19 [Eqn A8.3] 
R19+R20+R21+R22+R23+R24 
=5x 
16-k 
= 0.365 V 356k 
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Threshold 2= VCC ( 
R19 + R20 [Eqn A8.4] 
R19 + R20 +R21 + R22 + R23 + R24 
=5x356k=0.57V 
Threshold 3= VCC ( 
R19+R20+R21 ) [Eqn A8.5] 
R19+R20+R21+R22+R23+R24 
=5x 
16-k 
_ 0.78 V 
356k 
Threshold 4= VCC ( 
R19+R20+R21+R22 
[Equ A8.6] 
R19 + R20 + R21 + R22 + R23 + R24 
=5x71k=0.99V 
Threshold 5= VCC ( 
R19+R20+R21+R22+R23 
[ Equ A8.7 
R19 + R20 + R21+ R22 + R23 + R24 
) 
=5x86k =1.2V 356k 
These thresholds are subsequently compared with the echo signal (SIGNAL) at the 
LM339 comparator's inputs. The capacitors C6, C7, C8, C9 and CIO connected at the 
inputs of these comparators, ensure a stable D. C. voltage from the multi level 
potentiometer. Only the circuit on the top, right hand comer of figure A8.3 (which outputs 
DIGITAL LEVEL 1) will be further elaborated, as the rest circuitry is a replica of this (i. e. 
the circuitry to generate DIGITAL LEVEL2,3,4,5 is a replica of DIGITAL LEVELI 
circuitry). 
As the LM339 comparators have an open collector output stage, their outputs are pulled 
up to the Vcc rail, via 82k resistors (R25 in the circuit). The arrangement of R26 and 
diode D1, enable the conversion of voltage levels from ±5 Volts (which is the output of 
the comparator) to digital levels (so that they can be fed to the 16C71). Therefore, when 
the output of the comparator is low (-5 Volts), diode D5 switches of and thus digital 
level is pushed to ground. When the output is high (+5 V), the diode conducts thus 
driving the digital level 1 high. These five outputs are fed to the 16C71 for further analysis 
(i. e. in port pins RA 0- 4). 
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Figure A8.1 Ultrasonic driverldecoding circuit: Page 1 
Oa 
229 
Append& A8 Ultrasonic driver/decoding circuit 
Figure A8.2 Ultrasonic driver/decoding circuit: Page 2 
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Appendix A8 Ultrasonic driver/decoding circuit 
Figure A8.3 Ultrasonic driver/decoding circuit: Page 3 
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APPENDIX A9 
ANALYSIS ON REFLECTION FROM BASE OF 
TRANSDUCERS 
Here, an attempt to analyse the reflection from the base of the transducers at different 
angles of vertical tilting is made. It is assumed, that a beam ray is transmitted at right 
angles from the transducees surface, and reception is performed by the same transducer 
thus restricting the analysis into two dimensions only. Therefore, the ray's path is as 
I lustrated in figure A9.1; Ray HA leaves the transducer, a reflection AE hits the base, and 
is reflected back to the transducer (note that this diagram shows the reflected ray missing 
the transducer). 
F Boundary 
Figure 1 The path of Ray B as discussed in section 5.11: e- eog&e cfvert; cat wffig; t- 9o-e; a ague 
of incidence between the ray's path and the reflecting boundary; y- angle of incidence between the ray and the base. 
From the above figure, angle a is equal to 0, as lines CG and BH cross, thus making angle 
t be equal to 90 - 0, and line Al runs perpendicular to the boundary CG. From triangle 
DAE, the angle y can be calculated to be 90 - 2a. Therefore, as the angle of tilting 0 
increases, the angle of incidence a increases, thus shifting the reflection AE away from the 
transducer. This results in a decrease in the angle of incidence y( which is twice the 
change in angle of tilting), which will cause the ray EF to move clockwise, away from the 
transducer. By decreasing the distance between the transducer and boundary though, there 
will come a point were the reflection will reach the transducer. Conversely, by decreasing 
the angle of tilting, reflection AE moves towards the transducer, while angle y increases by 
twice the change, thus causing the final reflection (EF) to move anticlockwise towards the 
transducer. 
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